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ABSTRACT
Cooperative research utilizing industry vessels represents a viable approach to
acquire the data necessary to meet the increasing needs associated with the modern
management of marine resources. This dissertation addresses a variety of topics
associated with the integration of commercial vessels into the stock assessment of the
sea scallop, Placopecten magellanicus. In this study we evaluate the efficacy of utilizing
industry vessels with respect to topics that range from rotational closed area survey
design, sampling gear evaluation as well as an experiment that broadens the scale of
the traditional use of industry vessels in this fishery and provides data to support the use
of commercial vessels for surveying sea scallops resource wide.
The first paper presents a methodology to evaluate candidate sampling designs
for closed area surveys. We simulated scallop populations within a closed area based
upon both empirical data and an analysis of the autocorrelation structure of the scallops
in that area. From the simulated realizations of the scallop abundance and distribution,
three different sampling designs at three levels of sampling were evaluated with respect
to bias and accuracy of both mean abundance and variance of the sample mean.
The second and third papers take advantage of the ability of commercial vessels
to simultaneously tow two dredges. Based on this ability, in the second paper, we
estimate the size selectivity of the currently mandated New Bedford Style sea scallop
dredge. In addition to estimating the size selective characteristics of this piece of gear,
we also estimate the efficiency of the dredge. Both measures are important with respect
to correctly estimating the exploitable biomass of sea scallops in rotational sea scallop
closed areas. The third paper again used paired data to evaluate the relative changes in
the performance of the NMFS sea scallop survey dredge. We utilize a Generalized
Linear Mixed Modeling (GLMM) approach to analyzing these data with the goal of
characterizing any structural changes in the performance of the dredge that is used to
survey both specifically scallop closed areas as well as the entire resource via the
annual NMFS time series since the 1970's.
The final paper broadens the scale of the utilization of industry vessels and
calibrates two of these platforms to the NMFS annual sea scallop survey. We evaluated
four separate vessel gear combinations relative to the FW Albatross IV, throughout the
range of the U.S. sea scallop resource and present information to either utilize these
vessels to conduct the survey, or at least form a link to a future platform.
The results in this dissertation demonstrate that industry vessels represent a
feasible option for the collection of sea scallop stock assessment information and
present both methods and current information to facilitate their use. These approaches
are especially applicable for sea scallops, where the management for this species
embraces the spatial characteristics of the underlying population and crafts appropriate
management strategies.
xviii
Incorporating Industry Based Dredge Surveys into the Assessment of Sea
Scallops, Placopecten magellanicus
Chapter 1
General Introduction
3The sea scallop, Placopecten magellanicus, currently supports one of the most
valuable fisheries in the United States and the most valuable wild caught scallop fishery
worldwide (FAO, 2007; Prichard, 2008). The fishery has a long history along the East
Coast of the United States with landings being reported as early as the late 19th century
in the Gulf of Maine. These landing expanded and within 100 years, the fishery was
plagued by problems typical to an over capitalized fishery harvesting an overexploited
resource.
As the fishery reached a nadir of landings in the modern era, I was introduced to the
species and fishery as I began work for my Masters degree. What I observed during
that time corroborated the dire situation confronting both the resource and the fishery.
During the early 1990s, efforts to rebuild groundfish stocks on Georges Bank resulted in
the indefinite closure of large areas of traditional scallop grounds. After a few years of
closure and the resulting shift of fishing effort to the mid-Atlantic region, nearly 80% of
the U.S. sea scallop biomass was contained in those areas designated as indefinite
closures. Pragmatism and politics ruled the day, however, and in 1998, in anticipation of
a forthcoming controlled re-opening, a large scale industry based survey tasked with
estimating sea scallop biomass was conducted in Georges Bank Closed Area II.
In retrospect, looking back at the events surrounding that first survey effort on
Georges Bank, a corner had been turned ushering in a new era. An era that was
marked by the acknowledgement of space in the management of fisheries, the
acknowledgement that management can actually work in taking a fishery from the brink
of collapse to levels of abundance and prosperity not seen for decades and the coming
together of fishermen, scientists and managers to confront problems and reach the
common goal of sustainable fisheries. In 1998, as I departed New Bedford Harbor to
participate in one of the first industry based cooperative surveys of a closed area, it was
hard to imagine the changes that would take place over the next ten years. So, on a
4commercial scallop vessel that appeared more rust than metal and into the path of
approaching hurricane, the focus of my work for the next ten years and ultimately this
dissertation was born.
In many ways this dissertation began as an extension of the issues surrounding that
first survey cruise. As a unifying theme to this work, I assert that cooperative research
on commercial vessels represents a viable option for gathering critical Information
relating to the assessment and ultimately, the management of sea scallops. This
dissertation attempts to address some of the technical issues relating to the use of
industry vessels at spatial scales that range from surveys of closed areas to contributing
to stock wide survey efforts. In addition, the nature of these vessels allows for the
simultaneous operation of multiple sea scallop dredges and offers an especially efficient
means to perform fishing gear comparisons. With those broad topics in mind this
dissertation includes first this general Introduction and summary chapter, followed by
four chapters covering three topic areas: 1. Sample design evaluation, 2. Sea scallop
sampling gear evaluation and 3. Survey platform calibration.
Sea scallops: biology, fishery and management
Wild populations of the sea scallop, Placopecten magellanicus, occur exclusively
on the continental shelf and coastal regions of the northwestern Atlantic Ocean. The
mollusc ranges from the Canadian Maritimes to Cape Hatteras, North Carolina (Posgay,
1957). South of Cape Cod, sea scallops are found in offshore waters at depths between
40-200 meters (22-1 10 fathoms), while north of Cape Cod, scallops can inhabit inshore
waters just below the low tide mark. Most commercially important scallop beds are
located at depths of 40-100 meters (22-55 fathoms). The Gulf of Maine, Georges Bank,
and the mid-Atlantic represent the major U.S. commercial sea scallop resource areas
(Hart and Chute, 2004).
5Commercial sea scallop landings began around 1880 with the initiation of a
small, inshore fishery in the Gulf of Maine. Landings remained low until large, offshore
scallop beds were discovered off the mid-Atlantic Bight in the 1920s and on Georges
Bank in the 1930s. Annual landings by the combined U.S. and Canadian fleets have
fluctuated around the 10,000 metric ton harvest level since 1953 (Serchuk et al., 1979).
In recent years, landings have increased dramatically and in 2008, 53.5 million pounds
of meats with an ex-vessel value of US $370 million were landed. These landings
resulted in the sea scallop fishery being the most lucrative fishery along the East Coast
of the United States (Pritchard, 2008).
The sea scallop fishery has been characterized by cycles of high and low
production due to fluctuations in recruitment and varying levels of fishing effort (Dickie,
1955). As early as 1940, New England scallopers recognized the need to reduce fishing
effort and sponsored effort restrictions for the fleet (NEFMC, 1982). The onset of more
frequent and extreme fluctuations in landings during the late 1960s and early 1970s,
coupled with dramatic increases in ex-vessel prices, prompted federally mandated
regulatory measures. In 1982 the New England Fishery Management Council (NEFMC),
in conjunction with both the Mid-Atlantic Fishery Management Council (MAFMC) and the
South Atlantic Fishery Management Council (SAFMC), implemented the Sea Scallop
Fishery Management Plan (SSFMP).
The main objective of the SSFMP was to maximize the joint social and economic
benefits from the utilization of the sea scallop resource (NEFMC, 1982). The FMP also
contained four sub-objectives: (1) restoration of the abundance and age distribution of
the adult stocks to reduce the year-to-year fluctuations in stock abundance caused by
variation in recruitment; (2) enhancement of yield per recruit (YPR); (3) evaluation of the
impact of FMP provisions on research, development, and enforcement; (4) minimization
of adverse environmental impacts on sea scallops (NEFMC, 1982).
6Beginning with the original FMP, managers have implemented management
measures to control fishing mortality while concomitantly increasing YPR. Initial efforts
to control age at entry to the fishery consisted of a maximum meat count for shucked
scallops and a minimum shell height for shellstocked scallops. Shucked scallops were
required to have a maximum meat count of 30 meats per pound (MPP) for the time
period between February 1 and September 30. To account for spawning activity, the
maximum meat count was raised to 33 MPP between October 1 and January 31. The
minimum size for shellstocked scallops was 3.50" (89 mm). These measures were
subject to an enforcement tolerance level of 10%.
The maximum meat count regulation proved to be inadequate for a number of
reasons. The meat count standard did not effectively address the spatial and temporal
variability in meat weights for scallops of the same shell height (Shumway and Schick,
1987) and the semi-annual spawning cycle observed in the mid-Atlantic region (DuPaul,
et al., 1989b; Schmitzer et, al., 1991). Commercial fishery practices including at-sea
shucking and handling of the catch resulted in both losses and gains in meat weight
(Naidu, 1987, Kirkley and DuPaul, 1989). Compliance problems, which included the
mixing of high count scallops (>30 MPP) with low count scallops (<30 MPP) and soaking
procedures to facilitate the uptake of fresh water also contributed to the failure of the
meat count standard (DuPaul, et al., 1989a; DuPaul, et al., 1990). These factors
resulted in the difficult enforcement of the meat count standard, the continued
exploitation of small scallops (>30 MPP), and reduced biomass gains through growth.
The meat count regulation did little to control overall effort in the fishery and as a
result, levels of fishing mortality consistently exceeded Fmax (the level of fishing mortality
that produces maximum YPR) for all resource areas (NEFMC, 1993). As a result of low
abundance of older scallops and variable recruitment, marked fluctuations in abundance
7as indicated by landings became more common and extreme during the late 1980s and
early 1990s (NMFS, 2007).
To remedy the failure of the meat count standard, high levels of fishing mortality
(F), and reliance of one cohort for the fishery, Amendment #4 was drafted by the
NEFMC in 1993. This regulation changed the management system from a meat count
standard to effort controls in an attempt to reduce F. Primary measures to reduce effort
included the establishment of a limited access fishery and days at sea (DAS)
restrictions. Supplemental measures included gear restrictions, limiting crew size to
seven members, vessel replacement restrictions, and catch limits for vessels not in the
limited access program (NEFMC, 1993).
Gear restrictions found in Amendment #4 were intended to control age at entry
and would theoretically allow juvenile scallops (<70 mm) to escape the gear, rather than
relying on the crew to discard them after capture. Substantial damage to discarded
scallops and associated mortality are caused by the capture, handling, and culling
processes (DuPaul ef al., 1995). Sea scallop discard mortality estimates range from
7.3% to 20% (Medcof and Bourne, 1964; DuPaul et al., 1995; DuPaul and Kirkley,
1995).
Two gear types are utilized in the sea scallop fishery. The first and most
common gear type is the New Bedford style scallop dredge, which is described in detail
by both Bourne (1964) and Posgay (1957). The scallop dredge was mandated to meet
specific criteria under Amendment #4. Ring size was incrementally increased from 3.00"
(76 mm) to 3.25" (83 mm) and finally to 3.50"(89 mm) over a two-year time period from
1994 to 1996 (NEFMC, 1993). Regulations prohibited the use of donut spacers and
dictated the number and arrangement of chain links to join the rings in the net bag. A
5.50" (140 mm) twine top was made mandatory, and the total width of the dredge(s)
could not exceed 30 feet (9.16 m).
8The second type of gear in the sea scallop fishery is the otter trawl. A general
description of an otter trawl is given in Pitcher and Hart (1982). Gear restrictions were
imposed on the trawl sector of the sea scallop fleet under Amendment #4. These
regulations were influenced by mesh size restrictions in place for both the New England
groundfish and summer flounder (Paralicthyes dentatus) fisheries. These fishes
represent high levels of bycatch in the scallop fishery. Changes to scallop trawl gear
regulations correspond with mesh regulations for the groundfish and summer flounder
fisheries, and dictate that sea scallop otter trawls must be composed of a minimum of
5.50" (140 mm) diameter mesh in both the body and codend of the net. The total sweep
of the net(s) cannot exceed 144 feet (44 m).
In 2004, Amendment #10 officially introduced the concept of area management
to the fishery (NEFMC 2003). Coupled with areas on Georges Bank closed in 1994 due
to groundfish concerns, an adaptive strategy was implemented to identify and
subsequently protect juvenile scallops. These discrete areas would then be protected by
a closure of all harvest for a period of time in an effort to allow for gains in yield through
growth. In addition to attempting to increase (YPR) via area closures, additional
measures were implemented (Hart, 2003). The most significant regulation, intended to
increase YPR and reduce fishing mortality on smaller animals, was an increase in the
ring size of sea scallop dredges from 3.5" to 4.0 inches. Amendment #10 was significant
in the sense that it acknowledged the importance of the spatial attributes of the scallop
resource and attempted to craft a management strategy to capitalize on both the
biological characteristics of the species (rapid growth) as well as the spatial and
temporal aspects of the resource.
Sample design evaluation
9By attempting to capitalize on the spatial and temporal characteristics of the
scallop resource through area management, data requirements necessary to manage
the sea scallop resource in this manner are increased. To provide that information,
resource assessments for scallops have been recently completed on multiple scales that
range from synoptic annual resource wide surveys to focused surveys of closed areas.
The longest ongoing survey of the US scallop resource is conducted by the National
Marine Fisheries Service, Northeast Fisheries Science Center. This annual survey has
been conducted since 1977 with coverage throughout the range of the sea scallop
(Serchuk, et al. 1979; Serchuk and Wigley 1986). Also spanning the entire range of the
US scallop resource, an optical survey has been conducted annually since 2003 by the
School for Marine Science and Technology (Stokesbury 2002; Stokesbury er al. 2004).
In addition to large scale resource wide surveys, efforts to characterize the abundance
and distribution of scallops in closed areas have been conducted since 1998 (DuPaul er
al. 2000; DuPaul and Rudders 2006; DuPaul and Rudders 2007). The objective of these
area specific surveys has been to estimate the exploitable biomass within closed areas
prior to re-opening to the commercial fishery.
Regardless of the scope of the various surveys, the underlying goal of the work is
the same. This goal is to produce unbiased and precise estimates of the abundance of
the sea scallop population. Fishery survey design is the culmination of considerations
regarding the placement of samples within the domain sampled. Cochran (1977)
discussed three general options for the placement of samples. The first option is simple
random sampling (SRS) where samples within the domain have an equal probability of
being chosen. SRS may not be the most efficient sampling method for the typically
autocorrelated populations that characterize fish and shellfish stocks. This method has
the possibility to produce aggregated samples that might over or under sample
aggregations of fish or shellfish. To address this issue, an additional level of information
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is incorporated in the second approach, stratified sampling (STR). This sampling
strategy partitions the domain into distinct areas that are as similar as possible with
respect to the characteristic of interest (i.e. fish abundance). Given an effective
stratification strategy, this sampling design will deliver higher level of precision relative to
SRS, however some level of a priori knowledge is required to establish effective strata
(Smith and Robert, 1998, Gavaris and Smith, 1987). When a lack of prior knowledge
exists, systematic sampling (SYST) may be an attractive option. This approach places a
grid pattern of stations throughout the domain at regular intervals to obtain an even
distribution of sampling locations. There is some question as to whether traditional
variance estimators are appropriate for this design with the degree of bias in the
estimate a function of the level of autocorrelation present in the underlying population
(Aubry and Debouzie 2000, D'Orazio 2003). Adaptive Cluster Sampling (ACS) is
another option for the design of surveys. Utilizing this approach a survey with a random
or stratified random design, adds additional, adjacent samples in a systematic manner
based on a decision rule. This approach, however, appears to be better suited for rare
or highly autocorrelated populations (Kimura and Somerton, 2006).
The analysis of data obtained from experiments utilizing SRS or STR is based on
assumptions made regarding the underlying design of the experiment. In these design-
based experiments, each sampling location has the same probability of being drawn in a
given sample and each sample has the same probability of being selected from the
population (Aubry and Debouzie, 2000). This random selection of samples results in
statistical independence and allows for the calculation of unbiased estimators of the
sample mean and sample variance (s2/?) based on the probabilities implicit to the
design. Systematic sampling, however, presents a problem because it violates the
assumption of independence of samples. Since the location of samples in a systematic
design is dependent upon the single starting point, there is an unequal probability of
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each sampling location being drawn in a given sample. This assumption violation has
implications for the calculation of the sample variance for systematic sampling especially
for highly auto correlated populations (Cochran 1977, Wolter 1984). In these instances,
alternative variance estimators may be more appropriate (D'Orazio 2003).
It is often difficult to evaluate sampling strategies due to the lack of comparability
between candidate designs. The manuscript in Chapter 2 entitled "A Simulation Study to
Evaluate Sampling Designs for Highly Autocorrelated Populations: with an Application to
Sea Scallop Closed Areas" attempts to evaluate three candidate sampling designs. The
objective of this study was to evaluate the estimates of total biomass for sea scallop
area rotational surveys by determining the bias and precision of common fishery
independent sampling designs. This evaluation hinged upon the construction of a
simulated population that approximated the autocorrelation observed in naturally
occurring scallop populations. Geostatistical conditional simulation was used to
construct realizations of the spatial process based on actual empirical data. From these
realizations, sampling designs were then tested and the relative performance of the
designs was shown at varying levels of sample sizes was evaluated.
Sea scallop sampling gear evaluation
An understanding of the performance characteristics of the sampling gear used
in surveys is a vital component of any monitoring program. For programs that are
tasked with the generation of annual indices of abundance, the issue of maintaining
consistent gear performance is crucial. This consistency ensures the long term validity
and utility of the time series. Any changes in relative performance of the survey in
general or in the gear specifically must be addressed through attempts to calibrate the
time series to account for those changes. For survey efforts that are concerned with the
absolute measures of the sampled population (i.e. total numbers of individuals or total
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biomass) gear performance becomes even more critical. Characteristics of the gear
such as size selectivity and overall efficiency are factors that have a direct and
significant impact on any estimates of absolute abundance.
The success of spatial management for sea scallops in predicated on two related
sets of decisions: 1 . Where and when to close an area? 2. When and at what level of
harvest to re-open the area? Fishery independent survey information provides data to
support both of these critical decisions. In the case of establishing a re-opening, scallop
abundance and distribution is often measured by sampling gears that are non-selective
(i.e. sample all sizes of scallops with equal probability). Whether this information is
collected via an optical technique or a non selective capture gear, the catch information
needs to be scaled into units that reflect the amount of biomass that is available to the
commercial fishery. Estimates of the size selective characteristics of the commercial
gear form the link from the estimates of total abundance to the exploitable biomass
available to the fishery.
In general terms, size selectivity is defined by a modeled probability of an animal
at length, /, being retained in the gear given contact with the gear (Millar, 1992). From a
practical perspective, knowing the relationship between the size (age) of animals
vulnerable to capture by a given gear configuration is very important to managers trying
to establish age at entry to a fishery. It is one management tool that promotes the
capture of large individuals, while protecting juveniles from capture (MacLennan, 1992).
Understanding selectivity curves is also important in the assessment of mortality rates,
yield per recruit analyses and the extrapolation of survey or commercial landings data to
estimate the length frequency of the population (Wileman et al. 1996; Millar and Fryer
1999).
In this context, size selectivity represents a crucial piece of information pertaining
to the estimates of biomass in closed areas. This information is at times difficult to keep
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current in a changing regulatory environment that mandates frequent fishing gear
changes. The manuscript in chapter 3 entitled "Size Selectivity and Efficiency of a New
Bedford Style Sea Scallop Dredge Equipped with Sea Turtle Excluder Chains" provides
size selectivity information for the most current mandated sea scallop dredge. This
information updates the size selectivity estimates in Yochum and DuPaul (2008) that
used a different dredge In addition, to producing size selectivity estimates, the analytical
method used provides insight to the relative efficiency of the two gears used in the study
(NMFS survey dredge and commercial scallop dredge equipped with turtle chains). This
relative efficiency measure can be used to refine existing absolute efficiency estimates
for the New Bedford style scallop dredge.
Paired tows represent a powerful experimental approach for comparing the
performance of two fishing gears. The comparison between a selective and non-
selective gear often yields information related to the size selective characteristics of the
selective gear. Comparisons between two selective gears, however, yield a wealth of
information on the relative effect of changes to the functional design of the fishing gear.
In the context of a gear that is used as a sampling tool data analysis should account for
changes in performance as a result of design changes to avoid introducing bias into a
time series.
After over thirty years of continuous service, the NMFS survey dredge was re-
designed as part of an effort to produce a more consistent and robust sampling tool.
The changes were made in collaboration with industry, academic and governmental
participation. The manuscript in chapter 4 entitled "Catch Comparisons for Two
Configurations of The NMFS Sea Scallop Survey Dredge Using a Generalized Linear
Mixed Effects Modeling (GLMM) Approach" presents the results of field trials testing the
standard NMFS survey dredge relative to the redesigned version of that same sampling
gear. In this chapter, a modeling approach was used that in contrast to traditional
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methods of analysis for these types of experiments, is appropriate for the stochastic
nature of the data as well as acknowledging that both the density of animals as well as
the performance of the gear can vary randomly between gears at the station level.
Survey Platform Calibration
Fishery surveys provide information that is vital for the assessment of aquatic
resources. Information supplied by annual synoptic surveys of fish and shellfish stocks
serves a variety of important roles. Indices of abundance generated by surveys track
relative changes in population abundance over time, and depending on the configuration
of the gear used, the presence and relative magnitude of recruitment events. Surveys
can provide information to detect changes in species assemblage over time, as well as
providing samples to assess changes on an organismal level (Hilborn and Walters 1992;
Gunderson 1993). Perhaps most important, the information gathered by annual fishery
surveys populate stock assessment models. These models, in turn, estimate critical
components of the assessed stock such as estimates of present and future abundance,
as well as mortality rates. With these estimates, guidance to managers relating to
responsible levels of harvest can be supplied to achieve management goals. Given the
importance of the time series to both stock assessments and ultimately the responsible
and effective management of marine resources, the onus lies on maintaining a high level
of data quality over long timescales. It is essential to preserve the continuity of the time
series and is vital to insure its utility as a source of information in both retrospective as
well a forward projecting modeling efforts.
When monitoring relative changes in abundance over time through annual fishery
surveys, the implicit assumption in comparing the results between years is that the
measured index of abundance is proportional to the actual abundance. The
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proportionality constant known as the catchability coefficient (q) is assumed in the
strictest sense to be constant, or at least stationary (varying without trend) (Kimura and
Somerton 2006). To satisfy the assumption of stationarity of q, researchers must
standardize all components of the survey methodology. Should changes to the
methodology occur it is vital to calibrate the new methodology to the old to ensure
comparability to existing time series. This calibration will allow for the utilization of the
entire time series to seamlessly be included in stock assessment models.
Many components of fishery surveys can be standardized through time to satisfy
the assumption of stationarity of the catchability coefficient. Maintaining a standard
survey design, fishing gear and sampling methodology are excellent practices, however
a major impetus necessitating calibration studies is either the replacement of a
dedicated survey vessel, the utilization of multiple vessels to complete a given survey or
changes to the survey gear (Tyson et. al., 2006). Differences in survey vessels can
have a profound effect on the magnitude of the CPUE observed during in a given
survey. Unless accounted for, this vessel effect has the potential to introduce bias into
the time series (Pelletier, 1998). Calibration experiments designed to quantify the
relative differences in fishing power can account for any changes to the survey
methodology (vessel, gear, design, etc.) and are used to adjust the time series moving
forward (von Szalay and Brown, 2001).
In anticipation of the decommissioning of the NMFS research vessel (RA/
Albatross IV) that had conducted the sea scallop survey virtually uninterrupted since the
1970's, calibration experiments were conducted during the 2007 NMFS sea scallop
survey. The fifth chapter entitled "Calibrating Industry Vessels to NOAA Platforms"
reports on the results of the two experiments conducted aboard two commercial sea
scallop vessels that were intended to preserve the continuity of the time series by
providing fishing power correction factors relative to the RA/ Albatross IV. This
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information would facilitate the use of the calibrated commercial vessels to conduct the
survey, or at least form a link from the R/V Albatross IV to any future survey platform.
As the sophistication of the management of marine species evolves, data
requirements to support these measures increase in kind. Given this ever escalating
demand for information, commercial vessels represent a complimentary mechanism to
traditional fishery independent platforms. From performing survey work to the testing
and evaluation of sampling gear, cooperative research aboard commercial vessels
represent a nexus of knowledge, skill and capital. My dissertation attempts to support
and promote the use of industry vessels by exploring several topics that facilitate the use
of these platforms to supply information that ultimately is incorporated into the stock
assessment for sea scallops.
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Chapter 2
A Simulation Study to Evaluate Sampling Designs for Highly
Autocorrelated Populations: with an Application to Sea Scallop Closed
Areas
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Abstract
The accurate estimation of sea scallop, Placopecten magellanicus, biomass represents
a critical component of the spatially explicit management strategy currently in use.
Uncertainty of these biomass estimates can stem, in part, from the positively
autocorrelated nature of the distribution of the animals throughout its range. To improve
these estimates, we evaluated candidate sampling designs via conditional simulations
based on empirical data obtained from survey catch data from a rotational sea scallop
closed area. Acknowledging the limited amount of a priori abundance and distribution
information generally available, we considered a simple random design, a stratified
random design (stratified by depth) and a systematic design at three levels of sample
size. Comparisons were made with respect to the relative performance of the mean
abundance as well as the uncertainty around those estimates. Results indicated that
with respect to estimates of mean abundance, all estimators were unbiased, with levels
of relative precision ranked: systematic>stratified>simple random. The estimates of the
variance of the sample mean were less clear and the design based estimators proposed
for systematic sampling were shown to be both biased and imprecise. A fundamental
element of any survey is the choice of a sampling design. This choice is not a simple
one, however, and often presents the researcher with making tradeoffs between
precision, bias, and the cost associated with the survey operation. Conditional
simulations represent a simple yet powerful tool for the evaluation of sampling designs
for sea scallop surveys and the results can serve to improve the estimates of biomass in
support of sea scallop rotational area management.
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Introduction
The sea scallop, Placopecten magellanicus, supports the single most valuable
wild harvest scallop fishery in the world (FAO.2007). US landings have recently been at
or near record levels with 2008 harvest levels of 53.52 million lbs. of meats valued at US
$370 million (Pritchard, 2008) While historically subject to extreme cycles of productivity,
the fishery has benefited from management measures intended to bring stability and
sustainability (NEFMC, 1993; 2003). These measures included: limiting the number of
participants, restricting total effort (days-at-sea), crew and gear restrictions, and a
strategy to improve yield by protecting scallops through rotational area closures. This
spatially explicit area management strategy seeks to increase the yield and reproductive
potential of the sea scallop resource by identifying and protecting discrete areas of high
densities of juvenile scallops from fishing mortality. By increasing the age at first
capture, the rapid growth rate of sea scallops is exploited to realize substantial gains in
yield over short time periods (Hart and Rago, 2006).
In order to effectively regulate the fishery and maximize the benefits from the
area management strategy, up to date and detailed information regarding the
abundance and distribution of sea scallops is essential. Currently, this information
comes from a variety of sources and data from up to four different survey efforts may be
used to support the re-opening of a closed area. The annual NMFS sea scallop dredge
survey provides a comprehensive and synoptic view of the resource from Georges Bank
to Virginia and typically a portion of that survey is focused on sampling within the
boundaries of the area management areas (Serchuk et. al., 1979). In contrast to the
NMFS survey that utilizes a dredge as the sampling gear, the entire resource is also
surveyed optically from photographic images taken by a camera system mounted on a
tripod lowered to the substrate (Stokesbury, 2002). In addition to these synoptic
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surveys, another dredge survey (Rudders and DuPaul, 2008) and another optical survey
effort (Gallager, S., pers comm..) focus on estimating total abundance from specific
areas and add to the body of information used to establish total allowable catches (TAC)
for closed area re-openings.
Regardless of the experimental approach of the varied surveys, all resulting data
are similar in that they consist of estimates of scallop abundance at locations distributed
throughout space. These estimates are assumed to be either actual abundances
(optical techniques) or proportional to scallop abundance as a function of the catchability
of the survey gear (capture techniques). The survey efforts do, however, differ with
respect to the placement of the sampling locations. Sampling designs range from a
stratified random design (NMFS dredge survey), systematic design with a random start
(VIMS dredge survey), multi-stage systematic sampling (SMAST) and a transect based
design (HabCam). This variety of sampling designs highlight the multitude of survey
designs options as well as the increasing array of analytical approaches available for the
evaluation of survey data (Cochran, 1977, Rivoirard et. al., 2000).
In essence, most sampling designs utilized for abundance surveys for marine
species fall into one of two categories; random or systematic. Random sampling is a
classical survey method that assumes the values of the variable to be measured are
fixed and that the random selection of samples inherent to the design of the survey
provides sufficient randomization (Cochran, 1977, Liu et. al., 2009). The distribution of
marine species in general and sea scallops in particular, exhibit high levels of positive
autocorrelation. This characteristic is manifested in the spatial distribution of sea
scallops that typically occur in dense beds at various spatial scales (Hart and Chute,
2004). This distributional characteristic may complicate the choice of survey design, as
more sophisticated approached to better deal with this autocorrelation may be
warranted. In addition, the spatial correlation of samples may result in survey data that
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contains many zero observations as part of highly skewed distributions (Pennington,
1996) as well as the potential for bias In estimates of mean abundance as well variance
(Simmonds and Fryer, 1996; D'Orazio, 2003; Harbitz and Aschan, 2003);
Systematic sampling, where samples are selected from a population according to
a random starting point, with subsequent observations obtained at a fixed interval, is
another popular design. This design is attractive because it is straightforward to
complete, provide complete coverage of the domain and requires little a priori
information regarding the spatial distribution of the sampled population to construct
appropriate strata. This design has been shown to be more efficient with respect to the
accuracy of measurements of central tendency (Cochran, 1977; Rivoirard et. al., 2000).
A limitation of this design is with the estimate of the sample variance for a one sample
systematic survey (Cochran, 1977; D'Orazio, 2003). Attempts have been made to
overcome the limitation through the construction of alternative variance estimators based
on a recognition and incorporation of the spatial relationships (autocorrelation) present
relative to the underlying population and the distribution of samples in two dimensional
space (D'Orazio, 2003). Geostatistical approaches, which in comparison to design
based techniques rely on the stochasiticity of the sampled process (instead of
randomness introduced by the placement of the samples themselves), have also utilized
the systematic sampling design to provide information to characterize the spatial process
(Pettigas 1993,2001).
In the case of fisheries surveys focused on the estimation of sea scallop biomass
in closed areas prior to reopening, it is critical to not only obtain reliable information
regarding the total abundance of scallops in that area, but also to characterize the
uncertainty around that estimate. While uncertainty can arise from many components of
a survey (Rose et. al., 2000), measures of sampling error of the mean, which is a
component of the overall uncertainty of the estimate, are influenced by the sampling
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design (Cochran, 1977). It is often difficult to ascertain the benefits relating to accuracy
and precision of various survey designs as comparisons of various survey efforts are
relative in nature and the actual statistical properties of the underlying population are
unknown. Geostatistical simulation provides one approach to assess different survey
designs. This modeling approach (conditional simulation) attempts to reproduce the
range of scallop densities as well as the variability present in the empirical data based
on characteristics of the spatial process (evaluated through variography) as well as
honoring observed values from the original data (Goovaerts, 1997). The realizations of
the simulated scallop population produced by the simulation represent alternative and
equiprobable realizations of the local values of scallop abundance (Gimona and
Fernandez, 2003). It is from these realizations that the evaluation of various sampling
designs for the estimation of sea scallop abundance in a closed area is assessed.
The objective of this study was to evaluate the estimates of total biomass for sea
scallop area rotational surveys by determining the bias and precision of common fishery
independent sampling designs. This evaluation hinged upon the construction of a
simulated population that approximated the autocorrelation observed in naturally
occurring scallop populations. Geostatistical conditional simulation was used to
construct realizations of the spatial process based on actual empirical data. From these
realizations, sampling designs were then tested and the relative performance of the
designs was evaluated at varying levels of sample size.
Methods
Empirical Data
Dredge surveys tasked with the estimation of scallop abundance and biomass of specific
closed areas have been undertaken since 1999 (Murawski, et. al. 2000). The
importance of the collection of this type of survey was highlighted during the closure of
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the Elephant Trunk Closed Area (ETCA) that began in 2003. This area off of the coast
of New Jersey (Figure 1) contained the highest ever recorded density of pre-recruit
scallops as measured by the NMFS annual sea scallop survey. The ETCA was closed
under the guidelines of the rotational area management strategy in anticipation of a
three year closure and subsequent re-opening for a controlled harvest for another three
years. To monitor the efficacy of the closure and obtain current information regarding
the biomass of scallops in the area to set appropriate TACs, a series of annual, area
specific dredge surveys were conducted in 2005, 2006 and 2007 (DuPaul and Rudders,
2006; DuPaul and Rudders, 2007; DuPaul and Rudders, 2008).
The data used as the basis for the conditional simulations came from two
sources. The first source was a dredge survey conducted in the ETCA during October
of 2007 (Figure 2). This survey was conducted using a systematic design with stations
located approximately 3.5 nm apart. The second source of catch data came from an
experiment attempting to calibrate survey vessel platforms (see Chapter 5 of this
dissertation). The calibration study was conducted in July of 2007. The design of the
calibration study was predicated on the annual NMFS sea scallop survey that utilizes a
stratified random design with a subset of the overall sampling occurring in the ETCA.
Sea scallop abundance information was obtained from standardized survey tows with a
NMFS sea scallop survey dredge. From each data source, sea scallop abundance
values represent the scaled and pooled over length scallop catches from a standard
survey tow. Due to the minimal difference in the timing and identical nature of the
sampling protocols, the data from the two cruises was combined to form the basis for the
simulated scallop populations in the ETCA. While the scallop abundance observed in
the ETCA was at historical highs, this area was chosen for these simulations because of
its representative nature within in the mid-Atlantic resource area where the majority of
the rotational closed areas have been implemented.
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Geostatistical-Conditional Simulation
Geostatistical conditional simulations were constructed to evaluate three
potential sampling designs at varying levels of sampling intensity. These simulations
reproduced the spatial variability of the catch data while honoring the original empirical
data. The simulation approach was based upon the characterization of the spatial
process as described by the model variogram (Webster and Oliver, 2001), utilizing
empirical data as a conditioning set of values to approximate actual scallop abundance
at locations in the ETCA. For these simulations, the spatial process was assumed to be
homogeneous/stationary, that is, the correlations were a solely a function of the distance
between the two sampling locations and not on the location itself (Waline, 2009).
For a detailed description of the simulation approach used in this study see
Goovaerts (1997). In general, the simulation procedure begins by a characterization of
the spatial process via variography. Before the empirical and theoretical variogram can
be constructed, however, the catch data must be examined in relation to the
assumptions of the simulation procedure. An assumption of the simulation procedure
specifies that the input data are multivariate Gaussian and requires that the univariate
(one-point) cumulative distribution function be normally distributed. Because of the
generally skewed nature of the catch data, the original catch data was normalized prior
to calculating the variogram with a fifth root transformation (Pettigas, 1993; Gimona and
Fernandez, 2003; Walline, 2009).
For the variography analysis, the covariance of the process of interest
(normalized scallop abundance) is modeled as a function of the distance (h) between the
samples. The semivariance of all sample pairs is calculated given:
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y(/° = ?S[?(??) " z{Xi + h)]2 (1)
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Where y(h) is the semivariance between the samples located at h distance apart. Z(X1)
and Z(xi + /?) represent the normalized scallop abundance at location ? and locations
that are h distance units from xu respectively. N is the number of sampling locations
and ? is the number of sample pairs. The semivariance of the sample pairs form an
empirical variogram, which is then fit to a theoretical variogram through formal non-linear
model fitting (Webster and Oliver, 2001).
Omnidirectional experimental variograms were calculated at a lag distance of
0.05 decimal degrees. For our data, slight evidence of anisotropy was detected from the
calculation of directional variograms. However, given the limited support for anisotropy,
we proceed assuming that the spatial process was isotropic. The experimental
variogram was fitted by non-linear regression applied to spherical, exponential and
Gaussian functional forms. The spherical model resulted in the best model fit and
resulted in the adoption of the spherical isotropic model for the sea scallop abundance
data in the ETCA. The spherical functional form is given:
rOO-C + cÇÇ-yf)
Where C0 is the nugget effect that characterizes the variation at a smaller scale than was
present at any of the pairwise distances. C is the sill minus the nugget effect, where the
sill is the semivariance value reached with a value of h = a (range) and represents the
maximum distance where spatial covariance exists. The estimated parameters from the
theoretical variogram (spherical model) and which were subsequently used in the spatial
simulations were C0=0.09 decimal degrees, C=1 .4487 decimal degrees and a=0.1 157
decimal degrees.
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The domain over which the simulations were constructed was defined by the pre-
determined boundaries of the ETCA (Figure 1 ). This domain was decomposed into
sampling units resulting in 3,600 0.65 ? 0.65 nautical mile blocks with the center of each
block representing the grid nodes used to represent the sampling locations within the
closed area. We truncated the simulated sampling locations to exclude all stations that
were at depths greater than 50 fathoms (91.44 meters). This area is not sampled during
the survey due to the paucity of scallops at that depth. The application of the depth
mask resulted in a final grid matrix that was comprised of 3,036 nodes. It was at these
locations that the values for the simulated sea scallop abundance were represented.
Numerous numerical techniques exist for the construction of conditional
simulations, however, for this work we used the sequential Gaussian simulation
approach (Deustsch and Journel, 1992). This approach simulates scallop abundance at
the nodes in the study area in a random sequence using the input information from the
results of the theoretical variogram. Based on the specifications from the variogram, a
Gaussian conditional cumulative distribution function (CCDF) is generated for each node
with a mean and variance obtained via simple kriging. The CCDF is generated not only
from the input information from the simple kriging results, but also by honoring the actual
values from the input conditioning set (ETCA survey data). For each realization, a value
at each grid node is drawn from the CCDF. These values are then added to the
conditioning set for use in simulating the values at subsequent nodes (Deustsch and
Journel, 1992). Overall, 100 realizations of the spatial process were created to portray
sea scallop abundance and distribution in the ETCA.
Survey Design Evaluation
We examined the statistical performance of three candidate sampling designs at
three levels of sampling intensity to estimate sea scallop abundance across the
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simulated populations. The three designs with three sample sizes were evaluated with
respect to performance relative to both the sample mean and variance of the sample
mean. Because the simulated realizations represent the entire population of interest,
precision and bias for both the estimates of mean and variance of the sample mean
were quantified by comparing the calculated values from the simulation runs to their
respective "true" values as derived from the entire simulation data set. For each
realization, 1000 replicate surveys were drawn. The specific metrics used to evaluate
the sampling designs at the three sample sizes were 1). Mean Square Error (MSE) and
2). Bias.
The first measure, MSE evaluates the precision of the estimate derived from
sampling the simulated populations relative to the "true" value. This metric yields a
relative measure of the closeness to the true underlying value and is calculated by:
?? (-¡rest. _ irtrue\2MSE = ±£l¥ü 1lLJ_ (3)
?
Where V^- is the value of the estimate (mean or variance) from the /th realization of the
spatial process and/th replicate for a given sampling design and sampling intensity.
V{rue is the value calculated from the complete set of nodes in the domain for the /th
realization and ? is the number of replicates.
The second measure, bias, characterizes the magnitude and direction of the
difference between the expected value of the estimator and its true value. In our study,
bias measures the relative level and direction of the difference between the estimated
value of mean and variance of the sample mean and its true value. Bias for each
sampling design and sampling intensity is calculated as:
Bias = V?jst- - V{rue (4)
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Where V^- is the value of the estimate (mean or variance) from the fth realization of the
spatial process andyth replicate for a given sampling design and sampling intensity.
ytrue jS tne va|ue calculated from the complete set of nodes in the domain for the rth
realization.
In order to portray the measure of accuracy as an absolute measure with
common units, MSE is also represented as the square root of MSE (RMSE). For
comparison between sampling designs and sampling intensities, percent RMSE and
percent bias are also reported
(west. wtrue\2
?? I ij i ¦>U=i ñ (5)
0/oRMSE = ^ ^5 — * 100?
1 1 est. ir truevij viV«Bias = ytrue * 10O (6)
Results are reported as average values over all realizations and replicates of Bias, MSE,
RMSE, %Bias and %RMSE.
Simple Random Sampling (SRS)
For simple random sampling (SRS) the nodes were randomly selected without
replacement at each level of sampling intensity from each realization of the simulated
scallop population. The estimator for mean abundance of sea scallops is:
?
-£>« (7)VSRS Il
i = l
Where ySRS is the estimated sample mean from the simple random sample, ? is the
number of samples selected and y¡¡ is the simulated value of scallop abundance for the
rth realization and yth replicate. The estimator for the variance of the sample mean is:
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Stratified Random Sampling (STRAT)
Scallop abundance has been positively correlated to depth, especially in the mid-
Atlantic region (Hart and Rago, 2006). Scallops are generally observed to be most
abundant in the 30 to 40 fathom (54.8 to 73 meter) depth range. Under actual
circumstances where a survey of this type would have little a priori knowledge of the
actual distribution in the closed area sampled, depth would be a logical choice by which
to stratify the sampling effort. In an effort to construct strata that reflected homogeneous
subgroups in relation to scallop abundance, the ETCA was divided into four depth strata.
These strata were delineated by depth and were: 1 . < 20 fathoms (36.5 meters) 2. 20-30
fathoms (36.5 to 54.8 meters), 3. 30 to 40 fathoms (54.8 to 73.2 meters) and 4. greater
than 40 fathoms (73.2 meters). For each sample size, nodes were selected without
replacement based on two allocation strategies.
The first strategy specified allocating samples to strata in proportion to their
relative weight (overall number of nodes in each strata).
nn = n^ (9)
Where ? is the total sample size, nhis the proportional sample size in strata h, Nh is the
total number of nodes in strata n, and N is the total number of possible nodes.
The second strategy served as a relative evaluation of the decision to stratify by
depth. Based on the within-stratum variance standard deviation calculated from the
simulated realizations (all nodes), samples were allocated optimally based on Neyman
allocation (Cochran, 1977).
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Where ? is the total sample size, nh is the optimal sample size in strata h, Nh is the total
number of nodes in strata h and Sh is the standard deviation in strata h. In this case, the
difference between the proportional allocation and Neyman allocation represents the
gains that could be realized by allocating stations in an optimal manner based on a priori
knowledge of the scallop abundance and distribution.
Calculating the sample mean and the variance of the sample mean for stratified
sampling requires the acknowledgement of the differential weighting represented by
each strata. Assume that the sample size for /th realization andyth replicate is equal to
the sum of the samples from each individual strata (n= E-1L1 ??), where nh is the sample
size in strata h and the sample from each strata is selected as a simple random sample
without replacement. The sample mean for strata, h, is calculated as in SRS (equation
7). The estimator for mean abundance of scallops for stratified random sampling
(STRAT) is:
k
ysTRAT = 2^ Wh * Jh (1 1 )
Where ySTRAT the estimated mean for the entire domain, yh is the sample mean from
stratum, h and Wh is the weighing factor given by
Where N equals the number of nodes for the entire domain and Nh is the number of
nodes in strata h.
Again assuming that the sample for strata, h, is drawn as a SRS, the sample
variance is also calculated as in SRS (equation 8). The stratified sample variance is
simply the sum of the weighted variances from each stratum.
^STRAT — / Wh \——
h=l L h
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Where w£ is the squared stratum weight, Syh\s the sample variance (as calculated for
SRS) for stratum h, Nh\s the total number of nodes in stratum h and nhis the sample size
(number of nodes samples) in stratum h.
Systematic Sampling (SYS)
This design approximated the approach currently In use by the VIMS surveys of
closed areas. Within the context of this simulation, this approach subdivides the domain
(ETCA) into R=60 rows and C=60 columns, resulting in 3,600 nodes (3,036 after the
mask was applied removing nodes greater than 50 fathoms (91 .4 meters). Depending
upon the desired sample size (n), the total set of nodes (N) were grouped into n=nc*nR
non overlapping regions called sub-domains each containing k=kc*kR nodes (nc=C/kc
and nR=R/kR are both integers) (D'Orazio, 2003). The systematic sample was selected
by randomly selecting a node In the most northwesterly sub-domain and then the node
with the same relative position within each subsequent sub-domains. Utilizing this
procedure for drawing a two dimensional systematic sample, the estimator for the
sample mean of sea scallop abundance Is:
?
ysYs = Vi = -^ViJ (14)
7 = 1
Where y¿ ¡s the estimated sample mean from the /th systematic sample, ? is the number
of samples selected and y¿7· is the simulated value of scallop abundance for the /th
realization and/th replicate.
Often the random start point for a systematic survey is used as justification for
the use of the variance estimator for simple random sampling (SRS). This
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approximation may be reasonable if the underlying population is distributed randomly or
if there Is weak autocorrelation at a scale greater than the distance separating the
sampling (D'Orazio, 2003). Cochran (1977) derived an estimator for the variance of the
population mean:
k
v{ysys)=\Y{yi-y)2 (15)
Where Y is the population mean and y¿ is the sample mean from the /th systematic
sample. For an unbiased estimate of this sample variance drawing of more than one
systematic sample is required (D'Orazio, 2003). In most applications, this presents a
problem as usually only one sample is taken. To confront this problem, alternative
variance estimators specific for single sample systematic sampling in a one-dimensional
framework (i.e. linear) have been developed (Wolter, 1984). D'Orazio (2003) extended
these variance estimators to the two dimensional case.
We evaluated four different variance estimators for single sample, systematic
sampling in two dimensions. These estimators varied in sophistication from the linear
estimator for simple random sampling to the grouping of nodes to form non-overlapping
strata, to the incorporation of measures of the levels of underlying spatial autocorrelation
of the population. As a baseline as well as to evaluate the magnitude and direction of
the error associated with the utilization of the SRS estimator, we calculated the variance
of the sample mean with this estimator given as:
- ,- N N -n sf N - ? 1 v1 ¦>vSRS(ysYs) = -^- * - = -j^- * —[2>,y - yd2 (16)
7 = 1
Where N is the total number of nodes in the domain, ? is the number of nodes sampled,
ytj is theyth observation from the rth systematic sample.
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The variance estimator, Vstrl(ysys) for non-overlapping strata was also
considered. In this case two adjacent sub-domains, either in the horizontal or vertical
directions are formed to create strata. While D'Orazio (2003) treated the vertical or
horizontal cases separately, we took the mean value of the vertical and horizontal
estimates per replicate as the estimate of ,Vstrl(ysys). This variance estimator is given:
n/2
-,??-???-1 9Vstrl{ysys) = -jj- * ^¿ß{'2] " yi<2'-l) (1 7)
J=I
Two estimators proposed by D'Orazio (2003) which performed well in simulation
acknowledge the spatial autocorrelation of the underlying population and use a
calculated index of this correlation to scale the variance estimator for VSRS. In the linear
case, where overlapping strata are constructed, Vstr2 represents the correction of VSRS to
account for serial correlation (Wolter, 1984). Serial correlation in the linear case is
characterized by the Durbin-Watson statistic, whose analog in two dimensional space is
Geary's spatial autocorrelation index;
n-1 S7?S&,&/-»)'3.
Where ¿>¿;7 is equal to 1 if theyth and /th nodes are in adjacent sub domains and 5¿JÍ is
equal to 0 otherwise. This index takes the value of 1 in the absence of autocorrelation
and values less than or greater than 1 in the presence of positive or negative
autocorrelation, respectively (D'Orazio, 2003). The linear estimator of Vstr2 is extended
to two dimensions by scaling VSRS(ySYS) by c¿ as given:
Vstri (ySys) =VsRs(.ySYs) * C1 (19)
One estimator that performed well in D'Orazio's (2003) simulations in the
presence of high levels of autocorrelation was Vws(ysys). This estimator, again was an
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extension of a linear estimator developed by Wolter (1884) to the two dimensional case
that also scaled the VSRS(ySYS) estimator to account for the observed levels of spatial
autocorrelation. In the linear case, the linear SRS estimator is corrected to account for
serial correlation. The correction, w¡, is a function of the estimated serial correlation, riM
among sample units at lag k (Wolter, 1984).
VwiysYs) = VsRsiysYs) * W1
with Wi = <
1+G7 \+~ ' ifrik>Q'>
(20)
1, otherwise
The above estimator (Vw(ySYS) is extended to the two dimensional case by substituting
Moran's spatial autocorrelation statistic (I), which is the two dimensional analog to the
serial correlation index (ri¡k) into the computation for w¡. Moran's spatial autocorrelation
statistic (I) is given:
? S?=?SG*;??· - ??)(.?a ~ ydhji m)¿ ??=1??*?/ S%?&? - Vu2
Where 5¿;Í is equal to 1 if theyth and /th nodes are in adjacent sub domains and S¿;7 is
equal to 0 otherwise. This index takes the value of -1/(n-1) in the absence of spatial
autocorrelation and values lower or greater than it in the presence of positive or negative
autocorrelation, respectively (D'Orazio, 2003).
We used a suite of SAS/STAT® procedures to both construct and sample from
the simulated scallop populations. PROC VARIOGRAM was used to construct the
model variogram from the empirical data obtained during the survey cruises. PROC
NLIN was used to fit the theoretical variograms to the empirical variograms. PROC
SIM2D was then used to construct the realizations of the spatial process and finally
PROC SURVEYSELECT was used to sample those realizations with the various
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sampling strategies at differing levels of sampling intensity and output the relevant
sample statistics.
Results
Simulated "true" populations
The 100 conditional simulations of the sea scallop population in the ETCA was
used as the basis for the evaluation of the various sampling designs and resulted in
some variation of abundances and degrees of autocorrelation while preserving the
spatial structure of the observed population. After generation but prior to the evaluation
of the sampling designs, the normalized, simulated scallop abundances were back-
transformed to the original scale. Figure 3 depicts one such simulated realization of the
spatial process that was used in the evaluation of the sampling designs.
Final sample sizes were calculated based upon the results from the simulations
examining the two dimensional systematic design. Initially, sample sizes were selected
at 100, 400 and 900 nodes. However, the domain that was initially based upon a 60 ?
60 grid, ultimately resulted in fewer nodes for the systematic design evaluation due the
application of the mask that truncated the simulated data based on the exclusion of
nodes that existed in greater than 50 fathoms. Due to the random starting point for each
simulation and the relative position of the nodes selected within each sub-domain, the
final sample size for each systematic sample simulation run varied slightly. To assure a
reasonable comparison to the other sampling designs, which do not have the same
issue relative to the depth mask, the mean value for each level of systematic sample
(84, 337, 759) was used in the evaluation of both SRS and STRATpr0pOrtionai and
STRATNeyman. Figures 4-6 depict examples of each sampling design for each level of
sampling intensity.
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Estimates of mean abundance
Simulation results with respect to bias and precision of the sample mean for the
three sampling designs at the three sample size levels are shown in Tables 1-3. In the
presence of the levels of autocorrelation present in the simulated scallop populations, all
estimates of mean abundance were unbiased and any small deviations were likely an
artifact from the simulation. On a percentage basis, for the n=84 sample size, the %bias
values were 0.073, 0.045, -0.012 and 0,052 for SRS, STRATprop0rt¡onai, STRATNeyman and
SYST, respectively. For the intermediate sample size (n=337) the %bias values were -
0.015, 0.009, 0.002 and 0.01 1 for SRS, STRATproportionai, STRATNeyman and SYST,
respectively. At the largest sample size evaluation, (n=759), the %bias values were -
0.008, -0.029, -0.0089 and 0.0067 for SRS, STRATproport¡onai, STRATNeyman and SYST,
respectively.
Precision, as measured by mean square error (MSE)1 RMSE and % RMSE show
that with respect to estimating the mean value of scallop abundance over all of the
sample sizes, the relative measure of %RMSE statistic increased so that SRS>
STRATproportiona^STRATNeyman >SYST. For the simulation run where n=84, the %RMSE
values were 15.77, 14.98, 13.3 and 6.18 for SRS, STRATproportionai, STRATNeyman and
SYST, respectively. For the intermediate sample size (n=337) the %RMSE values were
7.5, 7.15, 6.2 and 2.75 for SRS, STRATproport¡onai. STRATNeyman and SYST, respectively.
At the largest sample size evaluation, (n=759), the %RMSE values were 4.59, 4.38,
3.65, and 1.61 for SRS, STRATpr0portionai, STRATNeyman and SYST, respectively.
Relative to all designs evaluated, levels of precision increased as a function of
increasing sample size, however, two dimensional systematic sampling consistently
produced more precise (lower %RMSE) estimates of mean abundance relative to the
other sampling designs. Stratified sampling, given the stratification variable used in this
study, estimated mean abundance better than SRS and additional improvements were
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possible to this stratification approach by using Neyman allocation. SRS, while a viable
option for the conduct of a survey, should be considered somewhat of a baseline
approach and the rest of the sampling designs evaluated against it to determine relative
differences in performance.
Estimates of the variance of the sample mean
Simulation results with respect to bias and precision of the variance of the
sample mean for the three sampling designs at the three sample size levels are shown
in Tables 4-6. D'Orazio (2003) evaluated the performance of multiple variance
estimators for two dimensional systematic sampling and found that the performance
relied on the relative levels of autocorrelation in the population. Since it was not possible
to evaluate the relative level of autocorrelation a priori, two dimensional variance
estimators appropriate over a range of autocorrelation were evaluated. Two of these
estimators (Vstr2, Vw) relied on corrections based on either Geary's or Moran's indices of
spatial autocorrelation. Values for these indices were calculated for each replicate at
each level of sampling. Mean values for the low sample size (n=84) were 0.519, 0.562
for Moran's and Geary's indices, respectively. Mean values for the intermediate sample
size (n=337) were 0.779, 0.260 for Moran's and Geary's indices, respectively. At the
high sample size (n=759), mean values were 0.839, 0.187 for Moran's and Geary's
indices, respectively.
For all sample sizes, estimates of the variance of the sample mean were
unbiased for SRS, STRATpr0p0rtionai, STRATNeyman· The variance of the sample mean
estimators for systematic sampling, however, VSrs, Vstri and Vstr2 all consistently
overestimated the variance of the sample mean. In the case of VSrs. this positive bias
was extreme over all sample sizes. The estimators VStri and Vstr2 both had a strong
positive bias that decreased at larger sample sizes and higher observed levels of
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autocorrelation. Vw consistently underestimated the variance of the sample mean
(negative bias), however, this bias was reduced at the moderate levels of observed
autocorrelation (Moran's 1=0.519 and Geary's C=0.562). Precision of these estimates
can be considered in two groups. For the first group, precision of the estimates (as
measured by %RMSE) was SRS>STRATproportionai>STRATNeyman for n=84 and n=337.
For the large sample size (n=759) SRS>STRATN8yman>STRATpr0port¡onai· The second
group which consisted of the estimators for SYST, relative precision ranked
VSRs>Vstri>Vstr2>Vw for n=337 and n=759 and VSRs>Vstr2>Vstri>Vw for n=84.
Accurately estimating the variance of the sample mean for two dimensional
systematic sampling proved to be a difficult task. All estimators produced biased
estimates that varied in the magnitude of the bias as a function of sample size (i.e.
underlying autocorrelation). The direction of the bias was consistent across the sample
sizes. In most cases, the utility of these estimators is dubious due to the large biases
associated with them and the implications of using them to characterize the variance of
the sample mean. Stratified sampling, using a naive stratification did provide
improvements over SRS and those improvements could be bolstered by the inclusion of
an optimum allocation strategy. Again the SRS estimator, while unbiased, yielded less
precise estimates (relative to STRAT) but a more precise measure than most of the
SYST estimators. SRS was useful as a baseline approach to evaluate the relative
performance of the sampling designs
95% confidence interval
Inclusion of the "true" mean value in constructed 95% confidence intervals offers
an evaluation metric that includes information from estimates of both mean value as well
as the sample variance. This metric portrays a relative measure of the overall accuracy
in the estimates of both mean and variance. Results that show the percentage of
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Simulation runs where the true mean was included in the 95% confidence interval are
shown in Table 7. The values for SRS and both STRAT sampling approaches
demonstrate values expected from sampling theory. The true coverage for systematic
sampling characterizes the biases in the various variance estimators.
Discussion
As the spatial and temporal dynamics of marine ecosystems have recently
become better understood, the concept of entirely closing or limiting activities in certain
areas has gained support as a method to conserve and enhance marine resources. In
the last decade, the sea scallop resource has benefited from measures that have closed
specific areas to fishing effort. As a result of closures on both Georges Bank and in the
mid-Atlantic region, biomass of scallops in those areas has expanded. As the time
approaches for the fishery to harvest scallops from the closed areas, quality, timely and
detailed stock assessment information is required for managers to make informed
decisions about the re-opening. For fishery independent surveys tasked with estimating
biomass within these areas, the choice of sampling design is critical with respect to the
accuracy, bias and precision of statistical estimates and the resulting uncertainty of
survey results.
Bias and imprecision both contribute to uncertainty in survey results. Bias is the
chronic and systematic deviation of an estimated quantity from its true value (Cochran,
1977). In standard experimental settings, bias can be difficult to quantify and this error
may persist in a survey conducted throughout a long time series. If this bias is
consistent or varies without trend, a survey index can still be informative over a long time
series with regard to relative changes in abundance over time (Kimura and Somerton,
2006). Imprecision characterizes the repeatability of an estimate without regard for its
true value and is generally depicted as a standard error, coefficient of variation or
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confidence interval (Rose et. al., 2000). The effects of imprecision in a survey setting
are different than bias. An imprecise survey may result ¡n an unbiased estimate of the
true population (mean or total) but with such uncertainty around the estimate as to be
uninformative regarding the population sampled.
Fishery independent surveys provide crucial information to managers. Whether
the survey represents an observation in an annual time series or a standalone survey of
absolute abundance, these efforts commonly represent a data source free from the
issues relating to fishery dependant information. Fishery independent surveys, however,
represent a tradeoff between precision (i.e. increasing sample size) and cost (Harbitz
and Pennington, 2004). With a large scale offshore scallop dredge survey costing an
estimated US $4,000-$5,000 per day, it is vital to maximize the efficiency of the survey
operations. The culmination of an efficient survey yields an unbiased estimate of the
quantity being measured with a relative level of precision that is maximized given the
constraints inherent to the sampling operations. Selecting an efficient survey design is a
crucial component of any survey operation.
Comparison of sampling designs
Relative Bias
For the simulated population of sea scallops in our study, characterized by
moderate to high levels of autocorrelation, systematic sampling performed well in
estimating mean abundance relative to both the stratified sampling as well as the
baseline approach (SRS). For a given sample size, the relative bias was negligible and
improvements in the precision of the estimates of mean abundance was observed over
all sample sizes. For estimates of variance of the sample mean, the results were less
clear and highlight the difficulty in accurately estimating the variance of the sample mean
for systematic sampling. All of the estimators evaluated in this study for systematic
sampling were biased. Using the standard SRS variance estimator in the context of
systematic sampling produced highly positively biased estimates. The other estimates
improved upon this estimator, but were still biased in the positive (Vstr1, ?8?G2) and
negative directions (Vw).
In the case of scallop surveys, utilizing a design that results in systematic bias
relative to the estimate of mean abundance can have some significant implications for
the effective implementation of closed area management. Guidelines pertaining to the
management of closed areas dictate specific criteria for re-opening of areas to the
fishery (NEFMC, 2003). These thresholds are manifested in both the relative year over
year growth potential of the population within the boundaries of the closed area and
minimum biomass levels as dictated by the target fishing mortality rates. For areas that
contain marginal biomass relative to a given threshold, bias, whether positive or
negative, can have serious implications for the success of the re-opening of the area.
An overestimate of the biomass can result in a fishing mortality rate being too high to
support the opening and potentially negatively impact the life cycle of the area if it is to
reopened for multiple, consecutive years. An underestimate of biomass could result in
an area not opening when in reality enough biomass exists to be harvested within the
specified guidelines. This scenario would result in a loss of yield to the fishery. Biased
estimates of the variance of the sample mean have a somewhat different effect. These
biased estimates manifest themselves in the resultant confidence intervals around the
mean value of abundance, with positive bias resulting confidence intervals that are too
wide. Conversely, negative bias results in confidence intervals that are too narrow,
potentially falsely suggesting that an estimated biomass is above a threshold level.
Precision
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In general, the sampling designs had similar levels for the performance measure
related to the precision of the estimates of mean abundance. As stated in Cochran
(1977) systematic sampling in our simulations did provide the most precise estimate of
mean abundance. Stratified random sampling did improve upon SRS, the baseline
approach. While for this study, depth was chosen without much prior knowledge, we
demonstrated that there was room for improvement for this technique and an
optimization of the allocation of samples was able to improve the precision of the
estimates of mean abundance relative to a proportional allocation scheme. The
precision of the estimates of the variance of the sample mean was consistent and
reasonable across the SRS and STRAT. Estimators for systematic sampling, in addition
to being biased were imprecise as well. The magnitude of the error, resulted in VSrs,
Vstri and VStr2 resulting in the most imprecise estimates in the entire study. Vw performed
slightly better, and though biased, the relative precision of these estimates was
comparable to SRS and STRAT at the low sample size.
Constructing confidence intervals to characterize levels of uncertainty around an
estimate of mean or total abundance relies on levels of precision. Levels of precision
are related directly to estimates of variability about the mean value. Biases and/or
imprecise estimates have the potential to introduce such high levels of uncertainty into
the assessment of mean or total abundance that these estimates become uninformative
to managers.
95% Confidence Intervals
The final performance measure (inclusion of the true mean value in the
constructed 95% confidence interval) represents the synthesis of the performance of the
sampling designs with respect to bias and precision for both the estimates of mean
abundance as well as the variance of the sample mean. This metric is informative
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because it provides a relative evaluation of how both the sampling designs as well as the
estimators performed in providing statistical inference relating to the "true" mean
abundance of sea scallops in a simulated closed area. Results for SRS and STRAT
were expected, given sampling theory, however, the biased and imprecise estimates for
SYST should raise much caution as to the utility of these estimates in the construction of
confidence intervals. Care must be taken in interpreting results from industry based
dredge surveys of sea scallop closed areas that are tasked with accurately estimating
the biomass in those areas to make informed decisions regarding re-openings.
Sampling designs that fail to include the "true" mean could potentially result in justifying
an opening when one is not warranted or restricting access when enough biomass is
present for the industry to responsibly harvest scallops in that area.
Stratified Random Sampling
Simulation results suggest that stratified sampling (by depth) performed
comparably to the systematic design over all sample size levels with respect to
estimating the sample mean. Simple random sampling, while showing little bias, was
the most imprecise method in relation to the precision of the estimates of mean
abundance. For this study, SRS can be considered as the baseline case with the other
designs being compared to its performance. In cases where a fishery independent
survey is conducted with little a priori knowledge of the distribution of the population to
be sampled, even stratification based on somewhat limited information represents an
improvement over SRS. This divergence in performance will increase as levels of
autocorrelation increase and the spatial characteristics of the underlying population
gravitate away from a random distribution. As this work has shown, in the presence of
strong autocorrelation, as depicted by the simulated scallop populations in the ETCA,
random sampling is the most imprecise choice for sampling the simulated population.
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STRAT represents a considerable improvement, but with little prior knowledge making
an informed decision regarding the construction of appropriate strata is somewhat
subjective.
While stratified sampling did perform well, the level of performance is contingent
upon the appropriate stratification variable being chosen. For sea scallops the "best"
stratification may vary over the range of the animal. For example, depth may be a
driving factor determining abundance in the southern part of the range, but in the
northern part, (i.e Georges Bank) substrate, hydrographie features, or other factors may
dominate. This issue may be exacerbated due to the fact that closed area boundaries
are somewhat arbitrary and impose a level of constraint which may diffuse a given
stratification variable in relation to the scale of the area being surveyed. Other sources
of information exist that may prove to be useful in the construction of appropriate strata.
These were not considered in this study, but include georeferenced information included
in prior year survey efforts from other sources, vessel log book reports, observer reports
and VMS (vessel monitoring system) information.
Systematic sampling
While systematic sampling is attractive to the researcher due to its ease of
implementation and efficiency in producing estimates of mean abundance (D'Orazio,
2003; Cochran, 1977), a danger exists with this sampling design if there is periodicity in
the population that is being studied. With the samples being obtained at regular
intervals, the possibility exists that those samples could capture the same feature of the
studied population, thus resulting in biased estimates (Wolter, 2007). Hydrographie
features (i.e. sand waves) that are associated with the abundance and distribution of sea
scallops could possibly result in this phenomenon, however, in practice, the likelihood of
introducing systematic bias in this manner is low and the relationship between tow length
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(almost 1 nm) relative to the patch size somewhat hedges against this occurring. The
random placement of samples with SRS and STRAT introduce an element of
randomization that negates the introduction of this type of bias.
Despite the some of the attractive features of systematic sampling, one topic that
has been a source of ongoing debate in the statistical literature is the lack of a
theoretically justified generalized variance estimator for a single sample systematic
sampling. Often, researchers will use the random start of the one systematic survey as
justification for treating the sample as a simple random sample and using the variance
estimator for that sampling design. This approach, while expedient, is not correct and
can produce biased results (Kimura and Somerton, 2006). Many estimators of the
variance of the sample mean have been proposed and both design based (D'Orazio,
2003, Wolter, 2007) and model based (Bartolucci and Montanari, 2006; Aubry and
Debouzie, 2000) approaches highlight the efforts to solve this difficult problem. In this
study, we did not consider model based approaches, although those methods appear to
hold promise, but focused on a design based method that scaled the variance of the
sample mean estimate by accounting for the observed autocorrelation in the observed
samples (D'Orazio, 2003). Based on our simulation results this approximate method is a
reasonable approach that produced variance estimates that were unbiased with
precision comparable to other methods. The estimation of the variance for systematic
sampling is an area of ongoing research and future developments in this area should be
able to greatly improve the utility of this sampling design.
Alternative methods
A hallmark of a surveys of highly autocorrelated populations is the presence of
many zero observations during survey operations (Thompson and Seber, 1996). This
trait results in survey data sets that are imprecise, difficult to interpret and represent a
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misallocation of effort (Pennington, 1996). In theory, an adaptive cluster sampling (ACS)
approach that adds additional samples to areas that have a threshold density level, while
still providing an unbiased estimate of abundance, represents a potential means to more
efficiently sample these populations given the constraints of survey operations (Smith et.
al., 2003; Su and Quinn, 2003). While these designs were not considered in these
simulations, their potential should not be overlooked, even though they are generally
perceived to more difficult to implement in the field because of real time decisions that
need to be made to the sampling approach during the field work portion of the study.
Skibo et. al., (2008) utilized simulations to evaluate sampling designs (including adaptive
cluster sampling) for the estimation of red sea urchin, Stronglocentrotus franciscanus
biomass. They concluded that ACS could yield a more precise estimate of abundance
with a lower sample size, however, that estimate was shown to be biased (Skibo ef. al.,
2008). ACS may be an appropriate sampling design for the highly aggregated sea
scallop, especially in situations where little prior knowledge is known to construct strata
and it is thought large areas of low densities may occur.
Limitations
The results from this study were based on simulations that resulted from an
examination of the spatial structure of scallops in the ETCA, from empirical data
obtained during survey cruises in 2007. Survey design performance may vary
depending upon the characteristics of the spatial structure of the underlying population.
This spatial structure observed in the ETCA may not be global. While this structure may
be characteristic of the Mid-Atlantic Bight, the possibility exists that differences may exist
relative to the sea scallop beds on Georges Bank, where different biotic and abiotic
factors may influence spatial structure (Hart and Chute, 2006). This phenomenon might
have an impact on the relative performance of the sampling designs, although D'Orazio
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(2003) utilized unconditional simulations to evaluate the performance of estimators of the
variance of the sample mean for two dimensional estimators. By using this simulation
approach, the autocorrelation structure could be varied and the effects of both the
functional form of the relationship as well as the levels of autocorrelation could be
evaluated.
Conditional simulation represents one geostatistical approach that has been
garnering increased attention in a wide array of fisheries applications. This approach
has been used to characterize the uncertainty of abundance estimates in acoustic and
trawl surveys where multiple sources of error can be accounted for in the simulations
(Woillez et. al., 2009; Walline, 2007; Gimona and Femandes, 2003; Harbitz and Aschan,
2003). Conditional simulation is also useful in the evaluation of sampling designs
(Englund and Heravi, 1994), especially as the database of spatially referenced
abundance information is gathered over the course of survey time series. The resulting
conditioning set then forms the basis for an evaluation of an overall design approach or
the refinement (re-stratification) of an existing design. Caution must be exercised,
however, as the quality of the simulation is sensitive to theoretical variogram model
specification, the amount of data in the conditioning set and the data transformation
used (Englund and Heravi, 1994).
Conclusions
We suggest that for sea scallop dredge surveys where little a priori information is
available, a systematic design offers a reasonable approach to characterize the
abundance and distribution of sea scallops in a closed area. While our work and others
have shown that this sampling strategy produces an unbiased and precise (in a relative
sense) estimate of mean abundance, new estimators for this sampling design did not
perform as well in estimating the variance of the sample mean. While this method had
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some advantages, the difficulty in accurately estimating the uncertainty around the mean
should be taken with caution. A potential approach for these types of surveys, where
little a priori information is available could be to utilize a systematic design as a pre-
survey, to produce full coverage of the survey area and obtain baseline information on
animal distribution. Utilizing this information in subsequent surveys will enable the
construction of appropriate strata and the ability to optimally allocate stations within
those strata. In this manner, the advantages of the systematic design are realized and a
subsequent survey design that had solid theoretical foundations for the estimation of
variance can be used.
Sampling error, however, only represents a component of the overall uncertainty
in the estimate of mean or total abundance. In the case of surveys tasked with the
estimation of exploitable biomass in a closed area, the final estimate will be impacted by
variability associated with other components of the survey. Scallop measurement error,
variability in gear efficiency, size selectivity, areal coverage and meat weights are
possible sources that contribute to the uncertainty of the estimate of total biomass
(Yochum and DuPaul, 2008, Rago et al, 2006). While the decision relating to the survey
design is an important one, it is incumbent upon the researcher to acknowledge and
ultimately account for other sources of uncertainty and both try to minimize them as well
as asses their cumulative effect upon the survey results.
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Table 1 Summary statistics for the estimates of bias and precision for estimates of the
sample mean at the low sample size (84 nodes sampled).
Simple Random
Sampling
Stratified
Sampling
(Proportional
allocation)
Stratified
Sampling
(Neyman
allocation)
Systematic
sampling
Bias 628.9 422.7 -124.0 470.9
% Bias 0.073 0.045 -0.012 0.052
MSE 20229 18249 14406 3132
RMSE 141.9 134.8 119.8 55.5
%RMSE 15.77 14.98 13.3 6.18
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Table 2 Summary statistics for the estimates of bias and precision for estimates of the
sample mean at the medium sample size (337 nodes sampled).
Simple Random
Sampling
Stratified
Sampling
(Proportional
allocation)
Stratified
Sampling
(Neyman
allocation)
Systematic
sampling
Bias -142.4 84.3 39.3 107.5
% Bias -0.015 0.009 0.002 0.011
MSE 4584 4157 3124 655
RMSE 67.5 64.3 55.8 24.8
%RMSE 7.50 7.15 6.20 2.75
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Table 3 Summary statistics for the estimates of bias and precision for estimates of the
sample mean at the high sample size (759 nodes sampled).
Simple Random
Sampling
Stratified
Sampling
(Proportional
allocation)
Stratified
Sampling
(Neyman
allocation)
Systematic
sampling
Bias -77.98 -263.47 -83.11 60.22
% Bias -0.008 .029 -.0089 0.0067
MSE 1718 1560 1084 245
RMSE 41.4 39.4 32.9 14.5
%RMSE 4.59 4.38 3.65 1.61
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Figure 1 Map depicting the extent of the US sea scallop resource. Polygons on the
map represent the closed areas that are part of the area management strategy for the
fishery. The Elephant Trunk Closed Area, where the conditional simulations were based
is in the Mid-Atlantic Bight area.
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Figure 2 Map depicting the spatial distribution of the empirical data used to construct
the conditional simulation. The locations designated by the red circles represent the
stations occupied during the abundance survey of the Elephant Trunk Closed Area in
October of 2007. The locations designated by the blue triangles depict the subset of the
NMFS sea scallop survey that fell within the boundaries of the ETCA and were occupied
during the calibration experiments during July of 2007. Depth contours depicted on the
map represent the 20, 30, 40 and 50 fathom isobaths. In general, depth increases from
Northwest to Southeast.
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Figure 3 Example of a simulated realization of the spatial process of sea scallop
abundance in the Elephant Trunk Closed Area.
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Chapter 3
Size Selectivity and Efficiency of a New Bedford Style Sea Scallop Dredge
Equipped with Sea Turtle Excluder Chains
71
Abstract
A size selectivity curve was generated utilizing the SELECT method for a New Bedford
style sea scallop dredge equipped with sea turtle excluder chains. The addition of the
chains was mandated in an attempt to reduce the bycatch of endangered and
threatened sea turtles and the impact of this gear modification on the performance of the
dredge was unknown. The comparative catch information was generated within the
context of resource surveys of rotational closed areas and provided a large number of
paired tows that encompassed the resource area of the U.S. sea scallop resource.
Results indicate that while the chains had minimal impact on the size selectivity
characteristics of the gear as measured by L50 and selection range (SR), the addition of
the chains appeared to reduce the relative efficiency of the commercial dredge. For the
pooled data over all cruises, the estimated L50 value was 93.4 mm and the SR was
19.09 mm. The results of this work will provide managers with a size selectivity curve
that reflects current gear configurations as well as being insightful with respect to the
efficiency of the commercial scallop dredge. This information is also beneficial for
generating estimates of exploitable biomass within the context of the rotational area
management strategy currently in use.
72
Introduction
The sea scallop, Placopecten magellanicus, supports a commercial fishery that
in the 2008 fishing year landed 53.52 million pounds of meats with an ex-vessel value of
US $370 million (Pritchard, 2008). These landings resulted in the sea scallop being the
most valuable single fisheries species harvested in the United States. While historically
subject to extreme cycles of productivity, the fishery has benefited from recent
management measures intended to bring stability and sustainability (NEFMC, 1993;
2003). These measures included: limiting the number of participants, restricting total
effort (days-at-sea), a strategy to improve yield by protecting scallops through rotational
area closures as well as crew and gear restrictions. These gear restrictions focused on
the New Bedford style sea scallop dredge which is responsible for roughly 90% of total
landings (NEFSC, 2007). This gear consists of a heavy metal frame with an attached
collecting bag comprised of steel rings. Age at entry to the fishery is correlated with ring
diameter and the manipulation of ring size has been a main mechanism used to control
the mean size of sea scallops captured.
Until recently, our understanding of the performance of the New Bedford style
sea scallop dredge was solely in the relative sense. Over time, ring size has been
sequentially increased, with each change supported by comparative fishing experiments.
These experiments documented the effects that increasing ring size would have relative
to the currently regulated size (DuPaul et. al., 1989; DuPaul, and Kirkley, 1995; Goff,
2002). The first study that documented the absolute size selectivity of the New Bedford
style dredge was completed by Yochum and DuPaul (2008). This study established a
selectivity curve for the regulated dredge at that time. The estimated curve has recently
been used in the sea scallop stock assessment as well as to calculate exploitable
biomass (biomass of sea scallops available for capture by the currently regulated gear)
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for rotational area closures prior to a re-opening. Changing gear regulations have been
a common occurrence and a significant alteration was recently enacted that had the
potential to alter the interpretation of the findings in Yochum and DuPaul (2008).
In 2008, due to an increase in the observed interactions between sea turtles and
sea scallop dredges, regulations were passed that mandated the seasonal use of a
chain mat on the dredge (Murray, 2004; 2005; 2007). While the chain mat was effective
in reducing the capture of sea turtles it also was shown to marginally reduce the catch
rates of sea scallops relative to a dredge without the chains (DuPaul et. al., 2004). The
implication of these findings is that turtle chains reduce the capture efficiency of the
dredge. In addition to the reduction in efficiency, the potential exists that other changes
to the performance of the dredge may have resulted from the mandated turtle chains. It
is difficult to fully describe these changes in a comparative catch experiment that due to
its design cannot describe the underlying capture process (Hoist and Revill, 2009). An
experiment designed to describe the size selectivity characteristics of the gear is an
appropriate approach to describe the effects of turtle chains on the scallop dredge.
In general terms, size selectivity is defined by a modeled probability of an animal
at length, /, being retained in the gear given contact with the gear (Millar, 1992). From a
practical perspective, knowing the relationship between the size (age) of animals
vulnerable to capture by a given gear configuration is very important to managers trying
to establish age at entry to a fishery. It is one management tool that promotes the
capture of large individuals, while protecting juveniles from capture (MacLennan, 1992).
Understanding selectivity curves is also important in the assessment of mortality rates,
yield per recruit analyses and the extrapolation of survey or commercial landings data to
estimate the length frequency of the population (Wileman et al. 1996; Millar and Fryer
1999).
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Common experimental designs for size selectivity studies include covered
codend, trouser trawls, twin trawls, split trawls, parallel hauls, and alternate hauls (Pope
et al., 1975; Wileman et al., 1996). Paired designs are an especially powerful design.
This design reduces spatial and temporal variability when the two gears are fished
simultaneously and sample from the same population. Regardless of the experimental
design, a common factor in these experiments is the presence of a control in the
experiment which consists of a small mesh codend, small mesh liner, or small mesh
codend cover. It is assumed that in the presence of a control, an unbiased estimate of
the length frequency distribution of the population sampled by the gear is produced.
The length frequency distribution generated by the control is compared to the catch from
the experimental gear (selective) to determine the size selectivity characteristics of the
large mesh gear variant.
Millar's (1992) SELECT (Share Each LEngth's Catch Total) method has become
the de facto method for estimating fishing gear size selectivity. This method has the
benefits of being both biologically meaningful, as well as not requiring knowledge of the
actual population length distribution. Because the model conditions on the total catch for
each length class, it avoids the problem of dividing by zero and allows the data to be
modeled binomially. One of the most useful aspects of the SELECT model is the
estimation of a parameter that denotes relative fishing intensity (p) between the two
gears (experimental and control)(Millar 1992). In addition to estimating p, traditional
selectivity descriptors are also estimated. These are: the 50% retention length (L50),
which describes the length at which a fish has a 50% probability of being retained after
entering the gear; the selection range (SR), which is the difference between the 75%
and 25% retention lengths (L75- L25), and measures of how quickly the 100% retention
length is approached, i.e., the slope of the curve; and the selection factor (SF) which is
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the ratio of L50 to the mesh or ring size. This measure is useful when comparing results
from other gears with different mesh or ring sizes (Wileman et al., 1996).
Manipulation of the size selective characteristics of fishing gear represent one of
the most powerful tools that managers have in influencing the interaction between
harvesters and fish populations. In addition to being able to characterize attributes of
commercial fishing gear, results from these experiments are relevant to many aspects of
survey fishing gear. This is especially true in the case where a non-selective gear is
used (i.e. lined dredge, small mesh trawl or optical approach). Commercial gear
selectivities can then be used to estimate the exploitable biomass available for harvest.
In addition, because the SELECT method estimates a measure of relative efficiency,
inference regarding the overall efficiency of the selective gear can be made in some
circumstances.
The objectives of this study were two-fold. The first objective was to assess the
size selective characteristics of a New Bedford style sea scallop dredge equipped with
turtle excluder chains. This information will both be beneficial to the stock assessment
for scallops in that it provides the size selectivity characteristics of the most recent gear
configuration and will support the use of this gear configuration to sample closed areas
prior to re-openings within the context of the current rotational area management
strategy. In addition, selectivity analyses using the SELECT method provide insight to
the relative efficiency of the two gears used in the study (NMFS survey dredge and
commercial scallop dredge equipped with turtle chains). The relative efficiency measure
from this experiment can be used to refine existing absolute efficiency estimates for the
New Bedford style scallop dredge.
Materials and Methods
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Sea trials
During May, September, and October of 2007; July and August of 2008; and July
of 2009, size selectivity experiments were conducted aboard chartered commercial sea
scallop vessels (Table 1 ). These experiments were a component of a survey intended to
estimate exploitable biomass within the boundaries of a rotational closed area prior to its
scheduled re-opening (Figure 1). The comparative tows were conducted in areas that
were representative of the conditions (océanographie and substrate) that are routinely
encountered throughout the range of the U.S. sea scallop resource (Figure 1). For the
three experiments conducted during 2007 the NMFS dredge design that had been used
since 1977 was used. During, the experiments conducted in 2008 and 2009, a slightly
updated version of the same dredge was used. Due to slight differences in dredge
design, experimental results will be presented separately, however the assumption of a
non-selective control remains the same for both dredge designs. In addition,
comparative catch information indicates that the catchability of the two dredge designs is
equivalent (Chapter 4 of this dissertation).
While at sea, the vessels obtained comparative samples by simultaneously
towing two dredges. A NMFS compliant survey dredge, 8 feet in width equipped with 2-
inch rings, 4-inch diamond twine top and a 1 .5 inch diamond mesh liner was towed on
one side of the vessel. On the other side of the vessel, a New Bedford style sea scallop
dredge, 14 or 15 feet in width equipped with 4-inch rings, 10-inch diamond twine top was
towed. In this paired design, it is assumed that the dredges cover a similar area of
substrate and sample from the same population of scallops. This catch information was
used to provide the basis for the analysis of the abundance and distribution of the
scallop resource in the closed areas.
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For each paired tow, the NMFS annual sea scallop survey protocol was utilized
for closed area surveys aboard commercial vessels. The dredges were fished for 15
minutes with a towing speed of approximately 3.8-4.0 kts. When available, a tilt sensor
affixed to the dredge was used to determine dredge bottom contact time and high-
resolution navigational logging equipment was used to determine vessel position and
speed over ground. Time stamps for both the tilt sensor and the navigational log
determined both the location and duration fished by the dredges. Bottom contact time
and vessel speed was integrated to estimate area of gear coverage. In addition to
estimating area covered by the gear, the tilt sensor allowed for the assessment of
validity of sampling tows as instrument output can be used to infer a level of acceptable
gear performance.
Sampling of the catch was conducted in the manner established by DuPaul et. al.
(1989) and DuPaul and Kirkley, (1995). For each paired tow, the entire scallop catch
was placed in baskets. Depending on total volume of catch, a fraction of these baskets
were measured to estimate length frequency for the entire catch. The shell height of
each scallop in the sampled fraction was measured in 5 mm intervals using NMFS
measuring boards. This protocol allows for the determination of the size frequency of
the entire catch by expanding the catch at each shell height by the fraction of total
number of baskets sampled. Finfish, invertebrate bycatch and trash were volumetrically
quantified, with finfish and commercially important invertebrate taxa being sorted by
species, counted and measured to the nearest 1 cm.
Selectivity data analysis
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Prior to analysis, all comparative tows were evaluated. Any tows that were
deemed to have had problems during deployment or at any point during the tow (flipped,
hangs, crossed towing wires, etc.) were removed from the analysis. In addition, tows
where zero scallops were captured by both dredges were also removed from the
analysis. The remaining tow pairs were then used to analyze the size selective
properties of the commercial with the SELECT method.
The SELECT method has become the preferred approach to analyze size-
selectivity studies encompassing a wide array of fishing gears and experimental designs
(Millar and Fryer, 1999). This analytical approach conditions the catch of the selective
gear at length / to the total catch (from both the selective gear variant and small mesh
control).
F(/)= Ef^ (1)PcTc(I) + (1 - pc)
Where r(l) is the probability of a fish at length I being retained by the gear given contact
and ? is the split parameter, (measure of relative efficiency). Traditionally selectivity
curves have been described by the logistic function. This functional form has symmetric
tails. In certain cases, other functional forms have been utilized to describe size
selectivity of fishing gears. Examples of different functional forms include Richards, log-
log and complimentary log-log. Model selection is determined by an examination of
model deviance (the likelihood ratio statistic for model goodness of fit) as well as Akaike
Information Criterion (AIC) (Xu and Millar, 1993, Sala, et. al., 2008). For towed gears,
however, the logistic function is the most common functional form observed in towed
fishing gears. Given the logistic function:
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KO =
(2)
by substitution:
exp(a + bl) ^
Vl + expO + bl)J
ea+b,
Dr(I) F 1 , „«+« npa+blf(?,) = p Kl) - l + e - Pe(l-p) + pr(l) ea+bl (l-p) + ea+bl
1 ? ~a+bll + e
(3)
Where a, b, and ? are parameters estimated via maximum likelihood. Based on the
parameter estimates, L50 and the selection range (SR) are calculated.
L50=^L (4) ».l^p,b b
Where L50 defines the length at which an animal has a 50% probability of being retained
by the gear given contact with the gear and SR represents the difference between L75
and L25 which is a measure of the slope of the ascending portion of the logistic curve.
In situations where catch at length data from multiple comparative tows is pooled
to estimate an average selectivity curve for the experiment, tow by tow variation is often
ignored. Millar et al. (2004) developed an analytical technique to address this between-
haul variation and incorporate that error into the standard error of the parameter
estimates. Due to the inherently variable environment that characterizes the operation
of fishing gears, replicate tows typically show high levels of between-haul variation. This
variation manifests itself with respect to estimated selectivity curves for a given gear
configuration (Fryer 1991 , Millar et al., 2004). If not accounted for, this between-haul
variation may result in an underestimate of the uncertainty surrounding estimated
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parameters increasing the probability of spurious statistical significance (Millar et. al.,
2004).
Approaches developed by Fryer (1991) and Millar et. al., (2004) address the
issue of between-haul variability. One approach formally models the between-haul
variability using a hierarchical mixed effects model (Fryer 1991). This approach
quantifies the variability in the selectivity parameters for each haul estimated individually
and may be more appropriate for complex experimental designs or experiments
involving more than one gear. For more straightforward experimental designs, or
studies that involve a single gear, a more intuitive combined-haul approach may be more
appropriate.
This combined-hauls approach characterizes and then calculates an
overdispersion correction for the selectivity curve estimated from the catch data summed
over all tows, which is identical to a curve calculated simultaneously to all individual
tows. Given this identity, a replication estimate of between-haul variation (REP) can be
calculated and used to evaluate how well the expected catch using the selectivity curve
calculated from the combined hauls fits the observed catches for each individual haul
(Millar ef. al. 2004).
REP is calculated as the Pearson chi-square statistic for model goodness of fit
divided by the degrees of freedom.
REP = 9. . (6)d
Where Q is equal to the Pearson chi-square statistic for model goodness of fit and d is
equal to the degrees of freedom. The degrees of freedom are calculated as the number
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of terms in the summation, minus the number of estimated parameters. The calculated
replicate estimate of between-haul variation was used to calculate observed levels of
extra Poisson variation by multiplying the estimated standard errors by ^]REP .
Care must be taken, however, with respect to over-inflation of the degrees of
freedom. This over-inflation will result underestimates of the value of REP and the
resulting estimated degree of the between-haul variability being underestimated. This
over-inflation can result from the use of length classes in the calculation of Q where low
numbers of animals are present. To characterize the effects on the estimates of REP,
the model was run with varying levels of minimum catch for each length class (e.g. 0, 10,
100 and 1000 scallops).
There is some evidence that increases in catch volume (scallops, other
invertebrates or substrate) results in changes in the selectivity characteristics of the gear
(Herrmann, 2005). These effects may be manifested in either a change in the size
selectivity properties of the selective gear as demonstrated through changes in L50 or
SR, or by changes in the measure of relative efficiency (p). In this case, the filling of the
dredges may adversely impact the selective gear by restricting the flow of water through
the gear or blocking the avenues of escape (i.e. rings and inter-ring spaces). To
examine this potentially important phenomenon, an analysis was conducted to test the
effect of increasing catch volume on the selectivity parameters, where selectivity
parameters were estimated for categories of total catch in the commercial dredge.
These categories were constructed based on natural breaks that occurred in the
distribution of the total catch.
Results
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Comparative fishing information used to estimate the size selectivity of the New
Bedford style dredge equipped with sea turtle excluder chains was collected on six
cruises from May 2007 to July 2009 (Table 2). The spatial extent of the in rotational
closed areas sampled encompassed a large portion of the traditional sea scallop fishing
grounds utilized by the U.S. fleet (Figure 1). These areas exhibit the wide variation in
both substrate and hydrographie conditions found throughout the resource area and are
representative of the conditions found during typical operations (Hart and Chute, 2004).
As a result of being a component of an abundance survey, the primary objective of the
survey precluded the selection of locations of comparative tows that maximized the
likelihood of encountering high numbers of scallops. This sampling strategy resulted in a
wide range of catches for tow pairs, although abundance levels in rotational closed
areas, by their very nature, were high relative to the fishing grounds outside of the
closed areas.
The scaled length frequency distributions for the six cruises, the combined length
frequency distributions for all trips, the three cruises that utilized the standard NMFS
survey dredge configuration and the three cruises that utilized the prototype dredge are
shown in Figures 2 to 4 and Tables 3-5. In general, the abundance of sea scallops over
all cruises was high. In many cases, especially for the Georges Bank areas, there were
large recruitment events observed that resulted in size classes of scallops that had a low
probability of being retained by the commercial dredge. The presence of these animals
is especially informative as they provided information that defined the selectivity curve
that was specific to the attributes of that gear configuration.
The catch data was evaluated by the SELECT method with a variety of functional
forms (logistic, Richards, log-log) in an attempt to characterize the most appropriate
model. Examination of residual patterns, model deviance and AIC values indicated that
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for all cruises the logistic curve provided the best fit to the data. Additional model runs
were conducted to determine whether the hypotheses of equal fishing intensity (i.e. the
two gears fished with equally) were supported. Output for model runs for the logistic
function with the split parameter (p) both held fixed at the expected value based on gear
width and with ? being estimated are shown in Tables 6-8. Visual examination of
residuals and values of model deviance and AIC indicated that in all cases, the model
with an estimated split parameter provided the best fit to the data. Fitted curves and
deviance residuals for each cruise as well as the pooled data are shown in Figures 5-13.
For some cruises and at some shell heights, observed residuals appear to be large.
Since this data is modeled as the proportion of the commercial catch to the total catch at
length, small numbers of scallops that are generally present at small and large shell
heights can be misleading. Since the numbers of individual scallops at these shell
heights is generally low, their contribution to the sample size is minimal and the impact
with respect to selectivity parameter estimates is not significant.
Since the comparative catch information was a part of an abundance survey,
areas of high scallop concentration were not exclusively targeted for the size selectivity
experiments. As a result, there were a number of tows where the total catch of scallops
was quite low. For the final SELECT model runs, tow pairs where the total catch by both
dredges was less than 50 animals were excluded. Since the overall number of animals
for the excluded tows was quite low, the cumulative impact on parameter estimates was
small. Estimated parameters for the final model runs are shown in Tables 9-1 1 . L50
values for most of the individual trips were consistent (ranging from 96.8 to 1 12.4 mm),
with a noticeable exception of the Elephant Trunk cruise (2007-07) where the estimated
L50 value was 83.1 mm. Scallop abundance in this area was very high and the catch for
this trip was the highest for the total experiment. Examining the estimated selectivity
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parameters for the pooled data sets (by control gear and total), it is apparent that the
high number of scallops encountered during this trip has the effect of reducing the
overall L50 values. SR values ranged from 12.36 mm to 27.22 mm for the individual trips
and from 16.4 mm to 21 .8 mm for the pooled data sets. To account for between tow
variability, the standard errors (for L50, SR and p) are adjusted by the square root of the
replication estimate of between-haul variation. Estimated logistic selectivity curves for all
trips as well as the data set pooled over all trips are shown in Figure 14.
The final analysis consisted of an examination of the effect of catch size upon
selectivity parameter estimates. A graphical representation of those results is shown in
Figure 1 5. For this analysis the catch data was pooled based upon observed levels of
total catch in the commercial dredge. In general, L50 values decreased as total catch in
the commercial dredge increased. The opposite was observed for SR where the trend
was for this value to increase as total catch increased. The relationship between the
split parameter and total catch was less clear as with a general trend of decreasing
values of ? with increasing catch.
Discussion
Modifications to fishing gear represent a direct means of influencing the
interaction between harvesters and the resource. If approached with forethought,
engineering a piece of gear can result in many potential benefits to not only the target
species, but also species that are encountered as bycatch. The evolution of the design
of the New Bedford style scallop dredge showcases one such progression. In a
relatively short time, (gear regulations were initially implemented in 1994) modifications
to the commercial dredge design have benefited sea scallops by improving yield per
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recruit, egg per recruit as well as reduction of bycatch of both finfish as well as sea
turtles (DuPaul et. al., 1989; DuPaul, and Kirkley, 1995; Goff, 2002; DuPaul et.al., 2004).
These benefits do not come without a cost as modifications have the potential to alter
the overall efficiency of the gear.
Prior to 1994, there were essentially no regulations relating to the configuration
of the sea scallop dredge. Incremental increases in the internal diameter of the rings
were effective in changing the selectivity characteristics of the gear (DuPaul ef. al., 1989;
DuPaul, and Kirkley, 1995; Goff, 2002; Yochum and DuPaul, 2008). The length at 100%
retention for the pre-regulatory dredge equipped with 3.0" (76mm) was roughly 80-
85mm. Based on comparative gear studies this length increased to 90-95 mm and 100-
105 mm for the 3.25" (83 mm) and 3.5" (89 mm) ring dredge, respectively. These
increases coupled with a reduction in the overall effort (reduction of fishing mortality rate)
and a strategy to protect areas of high concentrations of small scallops via an area
rotational management program have resulted in an increase in yield per recruit
(Serchuk ef. al., 1979; Hart, 2003).
While the sequential increases in ring size were designed to achieve specific
goals related to the size of scallops captured by the regulated gear, the imposition of
regulations requiring turtle chains had the potential to alter both the selective properties
as well as efficiency of the dredge. Empirical evidence from comparative studies
indicates that there was a relative reduction in the catch of sea scallops as a result of the
addition of turtle excluder chains. Over the course of the experiment and roughly 3,300
paired tows, the reduction in scallop catch was about 7% (DuPaul et.al., 2004). It is
interesting to note that the utilization of chains prior to the turtle chain regulations was
not mandated, but their use in various configurations was a common industry practice.
The presence and specifications of any chains were primarily driven by the area that
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was being fished. The sea scallop resource along the continental shelf of the
northwestern Atlantic is characterized by a wide variety of substrate conditions. In the
northern portion of the range of the sea scallop (i.e Georges Bank) the substrate is
characterized by rocky substrate, while in the southern portion (i.e. Mid-Atlantic Bight)
the substrate is comprised of sand and mud. To reduce the incidental retention of large
rocks, chain mats are commonly used. In these instances, efficiency may have been
improved relative to a dredge without the chain mat due to the fact that dredge
performance declined and gear damage was common when large rocks entered the ring
bag. The use of chain mats is not common along the mid Atlantic Bight where rocks are
not generally encountered and the conventional wisdom was that just as DuPaul et.al.
(2004) demonstrated, a reduction in efficiency as well as an increase in fuel
consumption would be the result of using chains on the softer bottom. This is of
importance because turtle chain mats are mandated both spatially and temporally with
respect to the co-occurrence of sea turtles and the spatial extent is focused on the mid-
Atlantic Bight.
Size selectivity experiments are advantageous in that metrics of comparison can
be generated for diverse gear variants (Wileman et. a/., 1996). This type of experiment is
supported by a rigorous analytical framework that produces length based probabilities of
capture (Millar, 1992). In addition, a paired design where the experimental gear is towed
on one side of the vessel and the control is an efficient design that maximized replicate
tows as well as alleviating the issues associated with a small mesh cover or alternate
tows where potential variation in scallop density encountered by each tow pair is
potentially confounding (Wileman et. a/., 1996). Utilizing a paired design and the
SELECT analytical framework, results from Yochum and DuPaul (2008) demonstrate
that for a New Bedford style scallop dredge without turtle chains, the estimated L50 was
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100.1 1 mm, the SR was 23.61 mm and the split parameter was 0.77. With the exception
of the Elephant Trunk cruise (2007-07), the results from Yochum and DuPaul (2008) are
consistent with the present work and seem to indicate that the dredge is fairly robust to
modifications with respect L50 and SR. The selective portion of the gear (i.e the rings,
inter-ring spaces and twine top mesh size) remained the same for both studies. The
addition of turtle chains, however, significantly affected the estimate of relative efficiency.
Based on the comparative results from DuPaul et.al. (2004) there was an expectation for
a reduction in the split parameter with the interpretation that the addition of chains would
reduce the efficiency of the commercial dredge.
The efficiency of fishing gear is often a very difficult value to measure. This is
especially true in the case of an offshore gear where direct observation of the animals
that are in the tow path of the gear, but are not captured is nearly impossible (Caddy,
1 968). For scallops, where dredge survey information is often used to estimate total
abundance, the importance of a reliable efficiency estimate is crucial. Many attempts
utilizing indirect observational approaches have been used to estimate scallop dredge
efficiency. Depletion experiments utilizing index removal and Leslie-Delury type
analytical approaches have been common (Gedamke et.al., 2004; 2005; Rago et.al.,
2006). There is a general agreement from this body of work that the efficiency of a
commercial dredge ranges between 40% and 50%. Much of this work, however was
conducted utilizing a commercial dredge equipped with 3.5" (89 mm) rings. As is
common in many fishing gears in general and scallop dredges in particular, an increase
in ring or mesh size results in a concomitant increase in efficiency (DuPaul et. al., 1989;
DuPaul, and Kirkley, 1995; Goff, 2002). This phenomenon is generally thought to be a
result of improved hydrodynamics of the larger ringed or meshed gear.
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Recent applications of optical technology in surveying benthic habitats have
resulting in a different approach in estimating the efficiency of scallop fishing gear
(Stokesbury, 2002; Stokesbury et.al., 2004; NEFSC1 2007). In a recent work included in
the stock assessment, size selectivity curves and efficiency values were estimated by
comparing scallop length frequency distribution information from the NMFS sea scallop
survey (same dredge configuration as in the present study) to scallop length frequency
distribution information from an optical survey conducted in the same resource area
(NEFSC, 2007). Results from this work were fairly consistent and indicated that the
efficiency of the NMFS survey dredge ranged depending upon the geographic area
survey, with a mean value of 36%. These results are consistent with the results from
Yochum and DuPaul (2008) and the present study where estimated split parameter
estimates exceeded the expected values based on gear width. The use of a small mesh
liner that alters the hydrodynamic properties of the dredge may contribute to the
observed reduction of efficiency relative to the commercial gear (Serchuk and
Smolowitz, 1980). Irrespective of the reason for this reduction in efficiency for the NMFS
survey dredge, these efficiency estimates utilizing optical approaches represent a means
to further examine the efficiency of the commercial dredge.
A significant contribution of the SELECT model is the inclusion of the split
parameter which estimates the probability of an animal "choosing" one gear over another
(Hoist and Revill, 2009). This measure of relative efficiency, while not directly describing
the size selectivity properties of the gear, is insightful relative to both the experimental
design of the study as well as the characteristics of the gears used. A measure of
relative efficiency (on the observational scale) can be calculated in instances where the
sampling intensity is unequal. In this case, the sampling intensity is unequal due to
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differences in dredge width. Relative efficiency (RE) can be computed for each
individual trip (Park et. al., 2007).
RE= "V- 'i (7)Po /G 'Po) (7)
Where ? is equal to the observed (estimated ? value) and p0 represents the expected
value of the split parameter based upon the dredge widths in the study for each cruise.
For this study, either a 14 ft. or a 15 ft. commercial dredge was used with expected splits
parameters of 0.6363 and 0.6522, respectively. The computed relative efficiency values
can be used to scale the estimate of the NMFS survey dredge efficiency of 36%
obtained from the optical comparisons (NEFSC,2007). Calculated commercial dredge
efficiencies for each trip are shown in Table 12. Over all cruises in this study, an
average commercial dredge efficiency of 58.7% was observed. Computing efficiency for
the estimated ? value from Yochum and DuPaul (2008) yields a commercial dredge
efficiency of 64%. This observed difference in efficiency further suggests that the
addition of turtle chains reduces the efficiency of the commercial dredge relative to a
dredge without the chains. In addition, these results indicate that even with turtle chains,
the efficiency of the commercial dredge appears to be slightly higher than previous
estimates of commercial dredge efficiency, but are reasonable in the context of the
modern dredge equipped with a larger ring.
Generally, selectivity experiments are conducted under experimental conditions
that approximate operational characteristics found aboard commercial vessels. This
experimental approach allows the results to be used in making management decisions
with respect to how the commercial fishery interacts with the size distribution of the
90
resource. In the context of this work, our experiment was dictated by the protocol of an
abundance survey. This protocol dictated short tow times relative to commercial
practices. Commercial tows are roughly 1 hour in duration depending upon scallop
density, substrate composition, weather conditions and other factors. Potential biases
may result from the short tow times of this study, as the selective process has the
potential to degrade over time (Herrmann, 2005). This degradation is the result of the
dredge filling up with material (target catch, bycatch and trash). In essence, filling of the
dredge will result in a blockage of the methods of escape (rings). The expectation would
be that as the gear progressively fills, the L50 value should decrease and the SR should
increase as smaller animals are retained when not given the opportunity to contact the
selective portion of the gear and escape (Herrmann, 2005).
In this study, the potential impact of the 15 minute tow time was reduced by the
high abundance of scallops found in the closed areas. Up to a certain point, catch is
positively correlated with tow length. As a result of the short tow times in this study, the
results have the potential to describe dredge size selectivity under ideal conditions. The
large average catch from the Elephant Trunk cruise (2007-07) has the potential to
negate this effect as longer tow times and higher total catches were approximated.
While L50, SR and ? values for the other cruises were relatively stable, the Elephant
Trunk cruise produced a significantly lower L50 value. Interestingly, the SR value also
decreased indicating a steeper ascending portion of the curve and relatively more "knife-
edge" selection. Overall, because of the large catches from this trip, there was a large
impact on the final estimated curve. This estimate is reasonable, especially in the
context of the commercial fishery where tow times as well as average catches per tow
are higher than our survey data.
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As the driving factors that dictate how fisheries are managed constantly change,
the gear used to harvest fisheries resources is also constantly evolving. The objective of
improving scallop yield to the fishery as well as reducing the impact of dredge gear on
threatened and endangered sea turtles has shown that conservation engineering is often
an exercise in compromise. The reduction of sea turtle bycatch by the addition of a
chain mat levies a toll in the form of a concomitant reduction in targeted catch. The goal
of any effective gear modification is to keep the reduction of target catch at such a level
as to keep the fishery viable. In addition, the target catch must not be reduced to such a
point as to require additional effort to result in the same catch with an increase in the
bycatch that was the intent of the modification. Comparative information from DuPaul
et.al., (2004) as well as the results from two selectivity experiments indicates that the
addition of the chain mat reduces the efficiency of the New Bedford style sea scallop
dredge (Yochum and DuPaul, 2008). In the context of the sea scallop management, the
generated selectivity curve as well as the additional insight into the efficiency of the gear
is important. These two pieces of information are intimately linked to the estimation of
exploitable biomass that is critical for the execution of the rotational area management
strategy utilized in the fishery (NEFSC, 2004).
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Figure 1 Map depicting the areas where sampling occurred.
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Figure 2 Length frequency distributions of scallops captured on the three sampling
cruises to Closed Area Il (2007-01) Closed Area I and Nantucket Lightship Closed Area
(2007-06) and the Elephant Trunk Closed Area (2007-07). These three cruises utilized
the NMFS standard dredge as the control.
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Figure 3 Length frequency distributions of scallops captured on the three sampling
cruises to Closed Area Il (2008-01), the DelMarVa Closed Area (2008-01) and the
Nantucket Lightship Closed Area (2009-02). These three cruises utilized the NMFS
prototype dredge as the control.
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Figure 4 Length frequency distributions of scallops captured on three groupings of
sampling cruises. The top panel depicts the distribution of animals from the sum of all
trips utilizing the NMFS standard dredge as the control. The middle panel depicts the
distribution of animals from the sum of all trips utilizing the NMFS prototype dredge as
the control. The bottom panel represents a compilation of all trips in the study.
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Figure 5 Top Panel: Logistic SELECT curves fit (blue line) to the proportion
(Crosshatch) of the total catch in the commercial dredge relative to the total catch
(survey plus commercial) for the 2007 cruise to the Closed Area Il (2007-01). Bottom
Panel: Deviance residuals for each model fit.
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Figure 6 Top Panel: Logistic SELECT curves fit (blue line) to the proportion
(Crosshatch) of the total catch in the commercial dredge relative to the total catch
(survey plus commercial) for the 2007 cruise to the Closed Area I and the Nantucket
Lightship Closed Area (2007-06). Bottom Panel: Deviance residuals for each model fit.
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Figure 7 Top Panel: Logistic SELECT curves fit (blue line) to the proportion
(Crosshatch) of the total catch in the commercial dredge relative to the total catch
(survey and commercial) for the 2007 cruise to the Elephant Trunk Closed Area Il (2007-
01). Bottom Panel: Deviance residuals for each model fit.
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Figure 8 Top Panel: Logistic SELECT curves fit (blue line) to the proportion
(Crosshatch) of the total catch in the commercial dredge relative to the total catch
(survey plus commercial) for the 2008 cruise to the Closed Area Il (2008-01 ). Bottom
Panel: Deviance residuals for each model fit.
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Figure 9 Top Panel: Logistic SELECT curves fit (blue line) to the proportion
(Crosshatch) of the total catch in the commercial dredge relative to the total catch
(survey plus commercial) for the 2008 cruise to the DelMarVa Closed Area (2008-02).
Bottom Panel: Deviance residuals for each model fit.
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Figure 10 Top Panel: Logistic SELECT curves fit (blue line) to the proportion
(Crosshatch) of the total catch in the commercial dredge relative to the total catch
(survey plus commercial) for the 2009 cruise to the Nantucket Lightship Closed Area
(2009-02). Bottom Panel: Deviance residuals for each model fit.
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Figure 11 Top Panel: Logistic SELECT curves fit (blue line) to the proportion
(Crosshatch) of the total catch in the commercial dredge relative to the total catch
(survey plus commercial) for all cruises using the NMFS standard as the control. Bottom
Panel: Deviance residuals for each model fit.
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Figure 12 Top Panel: Logistic SELECT curves fit (blue line) to the proportion
(Crosshatch) of the total catch in the commercial dredge relative to the total catch
(survey plus commercial) for all cruises using the NMFS prototype dredge as the control.
Bottom Panel: Deviance residuals for each model fit.
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Figure 13 Top Panel: Logistic SELECT curves fit (blue line) to the proportion
(Crosshatch) of the total catch in the commercial dredge relative to the total catch
(survey plus commercial) for all cruises combined. Bottom Panel: Deviance residuals for
each model fit.
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Figure 14 Estimated logistic selectivity curves for all trips.
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Figure 15 Graphs depicting L50, Selection Range (SR) and the split parameter (p) as a
function of total catch. Catch class 1 = 1 to 300 scallops, catch class 2 = 301 to 500
scallops, catch class 3 = 500 to 1000 scallops, catch class 4 = 1000 to 2500 scallops
and catch class 5 = >2500 scallops.
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Chapter 4
Catch Comparisons for Two Configurations of the NMFS Sea Scallop
Survey Dredge Using a Generalized Linear Mixed Effects Modeling (GLMM)
Approach
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Abstract
This study describes the results of catch comparison experiments for two configurations
of the NMFS sea scallop survey dredge. The survey dredge design was updated with
significant industry input and coincided with the replacement of the survey platform that
had been in consistent service since the 1970's. The comparative data consisting
primarily of sea scallops, but also the suite of bycatch species encountered in both the
mid-Atlantic and Georges Bank was analyzed with a Generalized Linear Mixed Model
(GLMM). The GLMM approach was extended by incorporating low order polynomials to
model the proportion of the total catch caught by the standard dredge. Results indicated
that while overall scallop catch appears to be fairly robust to minor dredge modifications,
evidence suggests that length based differences do exist between the two gears. For
many species of finfish and invertebrate bycatch, catch rates were quite low, however
when present in sufficient numbers, a general trend across species was an increase in
relative efficiency for the updated design. The results of this work will provide baseline
information for stock assignment studies that utilize the updated dredge design and
foster stakeholder confidence in survey results that was cooperatively designed and
tested.
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introduction
Fundamental to the responsible utilization of fisheries resources is a mechanism
for the accurate assessment of the populations of exploited resources. Modern stock
assessments often rely on a variety of information to describe the underlying dynamics
of the assessed stock. One source of information that is often readily available is catch
and effort data collected from the commercial fishery. These data, however, are often
difficult to interpret due to shifting baselines related to the lack of standardization in
fishing effort and gear, changes in technology available to harvesters, and the patchy
spatial and temporal distribution of target species. For these reasons, the establishment
of programs to provide fishery independent data is often a priority for organizations
charged with conducting stock assessments. As a result, the cornerstone of the
information that populates many stock assessment of marine vertebrate and
invertebrates in general and the northwest Atlantic population of the sea scallop,
Placopecten magellanicus, in particular, is the fishery independent data gathered by the
annual dredge survey conducted by the Northeast Fisheries Science Center in Woods
Hole, MA.
This survey has been conducted virtually uninterrupted since 1977 and is
designed to gather information pertaining to the relative abundance, size/age structure
and recruitment events throughout the U.S. range of the sea scallop from Cape
Hatteras, NC to Georges Bank (Serchuk et al., 1979). The sampling protocol, including
the gear, has remained relatively consistent since its inception. The scallop dredge
design used in the survey is a scaled down version of the gear used in the commercial
fishery, with a total width of 2.44m (8ft), a ring bag equipped with 2" (5.1 cm) welded
rings and a twine top consisting of 4" (10.16 cm) knotted nylon diamond mesh. To
increase the efficiency of this sampling device in relation to the capture of pre-recruit
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scallops (<90 mm shell height), a 1.5" (3.8 cm) knotted polypropylene mesh liner is
installed throughout the entirety of the survey dredge. While this dredge design provided
reliable catch information throughout the duration of the time series, gear designs as well
as the materials that they are constructed from evolve over time necessitating periodic
modifications. In anticipation of the retirement of the vessel that had been used as the
platform to conduct the scallop survey since the 1970s, the design of the sampling gear
was also updated in 2007.
An understanding of the performance characteristics of the fishing gear used in
surveys is a vital component of any monitoring program. For programs that are tasked
with the generation of annual indices of abundance, issues of relative year over year
performance become important. Researchers are painfully aware that keeping the
catchability of the survey constant is paramount to the long term validity of the time
series (Kimura and Somerton, 2006). Any year over year changes in relative
performance of the survey in general or in the gear specifically must be addressed
through attempts to calibrate the time series to account for those changes (Pelletier,
1 998). For survey efforts that are concerned with the absolute measures of the sampled
population (i.e. total numbers of individuals or total biomass) gear performance becomes
even more critical (Rudders and DuPaul, 2009). Characteristics of the gear such as size
selectivity and overall efficiency are factors that have a direct and significant impact on
any estimates of absolute abundance.
Modifications can potentially affect the performance of a fishing gear in a number
of ways. Commonly, the attributes of a fishing gear are described in either absolute or
relative terms. Absolute size selectivity of a fishing gear describes the length based
probability of retention for animals that enter the gear (Millar, 1992). The relationship
between retention probabilities and animal size is often controlled by the manipulation of
mesh or ring size. The estimation of absolute size selection relies upon the comparison
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of catch at length data from a selective gear relative to a non-selective control gear
(Wileman et. al., 1996). Relative catch comparison experiments generally make no
assumption regarding the underlying size selective characteristics of the gears being
tested. The basis of those comparisons is the catch at length data for one gear relative
to the other.
In the case of scallop dredges, absolute size selectivity for both the NMFS survey
dredge as well as the commercial gear has been estimated (Serchuk and Smolowitz,
1980; Yochum and DuPaul, 2008). The majority of the experimental work relating to
scallop dredges, however, has been devoted to effects of a relative change in some
aspect of the configuration of the gear. The specific modification depended upon the
objective. The increase of scallop age at entry to the fishery and resulting increases in
scallop yield per recruit were accomplished by a series of incremental ring size
increases (DuPaul et. al., 1989; DuPaul, and Kirkley, 1995; Goff, 2002). Reduction of
finfish was attempted through the manipulations of twine top mesh size and orientation
(Smolowitz et. al., 2004; Milleville, 2008). Sea turtle bycatch was mitigated by the
addition of a chain mat over the mouth of the dredge that allowed the passage of
scallops yet would not allow a turtle passage into the collecting bag of the dredge
(DuPaul et. al., 2004).
Catch comparison studies have traditionally relied on analytical approaches
based on the comparison of catch rates. Often paired t-tests were used to determine
statistical significance of the catches of one gear relative to the other (Rudders ef. al.,
2000; Goff, 2002). This approach is not ideal for data sets that consist of count data and
often have non-normal distributions, thus violating assumptions of the statistical test.
Non-parametric analogs to the t-test are also common, however with the cost of reduced
statistical power (Hoist and Revill, 2009). Generalized linear mixed effect models
(GLMM) are becoming more common for the analyses of this type of experiment. This
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approach has the advantage of being appropriate for modeling the mean proportion of
the total catch at length captured by the experimental gear (Hoist and Revill, 2009). In
addition, GLMMs are flexible enough to accommodate the various underlying
distributions appropriate for count data (e.g. poisson, binomial, negative binomial). The
use of a mixed effect model can also account for some sources of random variation
inherent to the sampling of fisheries resources by capture gear. This variability has been
identified as resulting from a number of sources including the between-haul variation in
fishing performance for a gear as well as differences in the density of animals
encountered by each gear within a given tow (Fryer, 1991 ; Millar et. al., 2004; Cadigan
étal., 2006).
The objective of this chapter was to compare the performance of the newly re-
designed NMFS sea scallop survey dredge relative to the standard design that had been
in use since the 1970s. This comparison will document the effect of any design changes
made to the gear. The catch data were obtained from samples that varied in relation to
substrate, hydrographie and species assemblage gradients that characterize the habitats
occupied by the sea scallop in U.S. waters. Comparisons primarily focused on the target
species, sea scallop. However, secondary species that are commonly encountered
during the course of survey operations were also evaluated for differences in
catchability. While we anticipate that the scallop dredge is robust to minor changes in
design, the anticipated benefits of such design alterations should be manifested in
greater ease of handling the gear, reduced within-cruise maintenance and since the
dredge was modified with input from industry members, greater confidence in survey
results.
Materials and Methods
Sea trials
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During July and August of 2007 and May of 2009, catch comparison experiments
were conducted aboard chartered commercial sea scallop vessels (Table 1 ). These
experiments were conducted as a component of a project intended to calibrate the
NMFS sea scallop survey with two commercial sea scallop vessels. While the main
objective of the cruises was to estimate calibration factors, the ability of commercial
vessels to simultaneously tow two dredges allowed for the comparison of the two dredge
designs. The paired tows were conducted in areas that are representative of the
conditions (océanographie and substrate) that are routinely encountered throughout the
range of the U.S. sea scallop resource (Figure 1).
While at sea, the vessels obtained comparative samples by simultaneously
towing two dredges. The two dredges used in the study were NMFS survey dredges,
with one being the standard design used since the 1970s and the other the newly re-
designed "prototype" dredge developed in consultation with government, academic and
industry. Both dredges were similar in design being 8 feet in width and equipped with 2-
inch rings, 4-inch diamond twine top and a 1.5 inch diamond mesh liner. The
components of the prototype dredge were almost identical to the standard dredge (i.e.
ring size, liner mesh size and twine top mesh size). Differences existed in relation to
modifications to the dredge frame, ring bag and slight changes to the mesh counts of the
liner and twine top. Major differences between the standard and prototype dredge
configurations included the addition of a wheel on the frame to insure consistent dredge
angle when fishing as well as reduce hangs on rocky and uneven bottom. Another
major modification was the addition of turtle/rock chains. The rationale behind the
inclusion of chains for this dredge was to construct a dredge that was functional in all
areas sampled as well as being proactive in taking measures to exclude sea turtles from
sea scallop dredges. The position of the dredges (i.e. side of the vessel the gear was
towed on) was randomly selected and switched at roughly the midpoint of the cruise.
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With a paired design it is assumed that the dredges cover a similar area of substrate and
sample from the same population of scallops. This assumption was evaluated within the
GLMM framework.
For each paired tow, the NMFS annual sea scallop survey protocol was utilized.
The dredges were fished for 15 minutes with a towing speed of approximately 3.8-4.0
kts. When available, a tilt sensor affixed to the dredge was used to determine dredge
bottom contact time and high-resolution navigational logging equipment was used to
determine vessel position and speed over ground. Time stamps for both the tilt sensor
and the navigational log determined both the location and duration fished by the
dredges. Bottom contact time and vessel speed was integrated to estimate area of gear
coverage. In addition to estimating area covered by the gear, the tilt sensor allowed for
the assessment of validity of sampling tows, as instrument output can be used to infer a
level of acceptable gear performance.
Sampling protocol
Sampling of the catch was conducted in the manner established by DuPaul and
Kirkley, (1995) and DuPaul et. al., (1989). For each paired tow, the entire scallop catch
was placed in baskets. Depending on total volume of catch, a fraction of these baskets
were measured to estimate length frequency for the entire catch. The shell height of
each scallop in the sampled fraction was measured in 5 mm intervals using NMFS
measuring boards. This protocol allows for the determination of the size frequency of
the entire catch by expanding the catch at each shell height by the fraction of total
number of baskets sampled. Finfish, invertebrate bycatch and trash were volumetrically
quantified, with commercially important finfish and invertebrate taxa being sorted by
species, counted and measured to the nearest 1 cm.
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The standard data sheets, used since the 1 998 Georges Bank industry-based
survey, were used. The bridge log maintained by the captain/mate recorded location,
time, tow-time (break-set/haul-back), tow speed, water depth, catch, bearing, weather
and comments relative to the quality of the tow. The deck log maintained by the
scientific personnel recorded detailed catch information on scallops, finfish, invertebrates
and trash.
Analytical Approach
Binomial catch data generated from the experiments evaluating the performance
of the two survey dredges in a paired experimental design was analyzed with a
generalized linear mixed model. Within this analytical framework, the expected
proportion of the catch of the standard gear relative to the total catch from both gears
was estimated. This proportion was estimated at two levels of resolution. The first level
assessed the catch data pooled over all lengths. This approach was not only informative
for the comparison of total catches, it was also necessary due to the fact that not all
bycatch species (i.e. skates and other non-commercial species) were measured and the
catch data for those species consisted of total numbers caught per tow. In the second
analysis, where length frequency data was available, a GLMM that included animal
length was evaluated.
Statistical models
Assume that each gear tested in this experiment has a unique catchability. Let
qc equal the catchability of the NMFS standard dredge and qe equal the catchability of
the NMFS prototype dredge. The efficiency of the standard dredge relative to the
prototype will be equivalent to the ratio of the two catchabilities.
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P1=- (1)
Qe
The catchabilities of each the gear are not measured directly. However, within the
context of the paired experimental design, observed differences in catch for each gear
will reflect differences in the catchabilities between the two gear variants. While paired
tow experiments attempt to reduce the variability between gears within a given tow pair,
random variation will occur due to a variety of sources. The mixed model approach
represents a method to account for this random variation.
Let Cig represent the catch at station / by gear g, where g=c denotes the standard
dredge and g=e denotes the prototype dredge. Let Aic represent the random effect
vector for the Z"1 station by the standard gear and Aie the random effect vector for the
prototype dredge. We assume that due to the tow paths taken by the respective gears
at tow /', the animal densities encountered by the two vessels may vary as a result of
small-scale spatial heterogeneity as reflected by the relationship between animal
distribution with respect to the coverage by a standardized tow. The standardized unit of
effort is a survey tow of 15 minutes at 3.8 kts. which covers a linear distance of
approximately 0.95 nautical miles. In addition to the potential variability in animal
distribution, within-pair variation in gear performance may also exist. These two sources
of random variation cannot be separated in this experimental context and are therefore
combined and treated as a single random effect.
The probability that an animal is captured during a standardized tow is given as
qc and qe. These probabilities can be different for each gear, but are expected to be
constant across stations. Assuming that capture is a Poisson process with mean equal
to variance, then the expected catch by the standard dredge is given by:
E[Cie) = qAe=Mi (2)
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The catch by the prototype dredge ¡s also assumed to be a Poisson random variable
with:
£(Clc) = <7A=mexp(¿,) (3)
Where d, =log (KJ hie). For each station, if the random effect vector (representing
standardized animal density and random variation in gear performance) is the same,
then 5¡=0.
If the random effect for a given tow is 0, (i.e. Aic= Aie), then ? can be estimated via
a Poisson generalized linear model (GLM). This approach, however, can be
complicated especially if there are large numbers of stations and scallop lengths
(Cadigan et. al., 2006). The preferred approach is to use the conditional distribution of
the catch by the standard dredge at station /, given the total non-zero catch of both
dredges at that station. Let c¡ represent the observed value of the total catch. The
conditional distribution of Cic given C¡=c¡ is binomial with:
Pr(Cic + X]C1 = CO + (C>*(1 - pri~x) (4)
Where p=p/(1+p) is the probability a scallop is captured by the standard dredge. In this
approach, the only unknown parameter is ? and the requirement to estimate µ for each
station is eliminated as would be required in the direct GLM approach (Cadigan et. al.,
2006). For the Binomial distribution E(Cic)=c¡p and \/ar(CjC)=c¡p/(1-p). Therefore:
log = \og(p) = ß (5)
The model in equation 5, however, does not account for any random effects. If such
effects do exist then the model becomes:
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P
}-p.
= ß + Si (6)
Where d, is assumed to be normally distributed with a mean=0 and variance=o2. This
random intercept model estimates the relative efficiency of the gear (exp(ß)) when
scallop catch per tow is pooled over length.
Often, catch comparison experiments attempt to document the effect of some
change in the design of a fishing gear relative to a standard design (Goff, 2002; Wade
et. al., 2009). The goal of these modifications is commonly to alter the gear to be more
species specific or selective on certain size classes. Such alterations are manifested in
relative changes in animal catchability for a given length. Gear modifications often result
in drastic changes to the length composition of the catch, however, even in cases where
the changes to the gear are minor, length effects are possible. The form of the curve
represented by the logit of the proportion is driven by the relative differences in the
selective properties of the two gears tested (Hoist and Revill, 2009). Depending on the
characteristics of how the selective properties of the two gears differ, Hoist and Revill
(2009) developed a method utilizing low order polynomials within the framework of the
binomial logistic GLMM to describe possible non linear relationships between the
selective properties of the two gears. While in this study, due to the similar nature of the
two dredge designs, the expectation was that the proportion (catch by the experimental
gear relative to the total catch by both gears) varied linearly with respect to length. A
model including second and third order polynomials was explored to determine if the
logit deviated from a linear function and was better described by low order polynomials.
Insignificant terms were removed from the model for each species examined based on
results from a likelihood ratio test and examination of AIC and BIC values. An
understanding of the effects of the changes to the survey dredge is vital, especially in
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abundance surveys where the assumption of a constant catchability across size classes
is assumed.
The model to describe length effects is an extension of the models in the
previous section to describe the total catch per tow. Again, assuming that between-pair
differences can exist, a binomial logistic GLMM to describe the possible non-linear form
of the logit (p) ¡s given:
logOO
\x~Pij
= ß0+ßll + ... + ßklk+öi,oi~N(0,a2),i = l,...,n. (7)
In this model, / is animal length and the intercept (ß0) is allowed to vary randomly with
respect to station and k represents the non linear component of the logit (p) (Hoist and
Revill, 2009).
Adjustments for sub-sampling of the catch
An additional adjustment to the model was required to account for sub-sampling
of the catch. In some instances, due to high volume, catches for particular tows were
sub-sampled. Often this is accomplished by randomly selecting a subset of the total
catch (in baskets) for length frequency analysis. One approach to accounting for this
practice is to use the expanded catches. For example, if half of the total catch was
measured for length frequency, multiplying the observed catch by two would result in an
estimate of the total catch at length for the tow. This approach, however, would
artificially overinflate the sample size resulting in an underestimate of the variance,
increasing the chances of spurious statistical inference (Millar et. al., 2004; Holst and
Revill, 2009). In our experiment, the proportion sub-sampled was consistent throughout
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each tow and did not vary with respect to scallop length. These differences must be
accounted for in the analysis to ensure that common units of effort are compared.
Let qf/c and qie equal the sub-sampling fractions at station /for the standard and
experimental dredges, respectively. The offset term log(qc/qe) was needed to account
for possible differences in sampling proportions for the two gears for each tow (Littell, et.
al., 2006):
f „ ? ( „ \
log Pt
l + P
= log
i J
Iu
UJ + ß0+ßil + ...ßkik+oi,Slj-N(0,a2j),i^l,...,nJ = 0,i. (9)
Statistical software
We used SAS/STAT® PROC NLMIXED to fit the generalized linear mixed effects
models. This procedure fits the specified nonlinear model by maximizing an
approximation to the likelihood integrated over the random effects (Wolfinger, 1999).
While PROC NLMIXED is limited in the number and complexity of the random effects
that can be effectively modeled, Cadigan and Dowden (2010) reported that simulation
results using this software were more reliable relative to procedures that relied on
different approximation techniques.
Results
Three comparative fishing experiments were conducted as part of an experiment
to calibrate the annual NMFS sea scallop dredge survey across various platforms. The
three trips, conducted across two years of the survey, coincided with 2 legs of the mid-
Atlantic portion of the survey and one Georges Bank leg. The first and third trips were
conducted during the mid-Atlantic leg of the survey aboard the FA/ Nordic Pride hailing
from New Bedford, MA (see Table 1 for vessel characteristics and Figure 1 for a map of
the occupied stations). These cruises occurred from July 10, 2007 to July 17, 2007 and
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May 10, 2009 to May 16, 2009. During these cruises, 101 and 106 comparative tows
were completed, respectively. The eventual number of valid hauls were slightly lower
due to a couple of fouled hauls In general, the comparative stations were completed in
the DelMarVa region of the mid-Atlantic Bight in both open access as well as areas
currently managed under a rotational area management strategy. Included within the
broad geographic range encompassed by the sampling, were the high density areas of
the Elephant Trunk Closed Area as well as the newly closed DelMarVa Closed Area.
The areas sampled resulted in comparative tows that included a wide range of scallop
densities, representative bycatch assemblages, as well as the spectrum of abiotic
conditions (depth, substrate, océanographie) generally encountered throughout the
survey within this region.
The second cruise was conducted during the Georges Bank portion of the 2007
NMFS survey. This trip was conducted aboard the FA/ Celtic hailing from New Bedford,
MA (See Table 1 for vessel characteristics and Figure 1 for a map of the occupied
stations). This cruise occurred from August 9, 2007 to August 14, 2007. During that
time 99 comparative tows were completed, with the number of eventual valid
comparisons being lower due to fouled hauls, gear damage, and other factors. There
was a reduction in the number of comparative tows due to gear related problems
encountered at the end of the trip in the Great South Channel. In general, the
comparative stations were completed along the northern flank of Georges Bank from the
Great South Channel to the Northeast Peak. Geographically, this area is characterized
by a wide range of biotic and abiotic conditions related to substrate composition,
hydrographie conditions, bycatch assemblages and scallop abundance.
For each cruise, trip level information is shown in Table 2. Each tow pair was
individually examined to determine whether it was appropriate to include in the final
analysis. Gear related problems including hangs, flips and damage justified exclusion.
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Scallop abundance encountered during the experiments varied broadly, however, with
resource levels being at historical highs, scallops were encountered at the majority of
stations. Finfish and invertebrate bycatch also varied widely. The geographic range of
the sampling encompassed the range for many species; however, catch rates for some
species were quite low. These low catches had implications relating to model
convergence. Any tows that had a zero catch for both gears were excluded from the
analysis as they offered no information relating to the relative efficiency of the gears.
Catch data for the three experimental cruises are shown in Table 3-5. Species
that did not have a total of at least 25 animals were excluded from the analysis as these
low numbers resulted in both potential large calculated percentage differences as well as
model convergence issues. Percentage differences in catch numbers for both dredges
were calculated from a comparison of total numbers caught for each dredge
configuration pooled over all tows for a given trip (Standard-Prototype)/Standard.
Scallop catches for the three cruises demonstrated a general trend of the standard
dredge capturing greater numbers of animals. The magnitude of this difference varied,
however, with 22%, 11% and 0.26% differences in total catch for the cruises 2007-02,
2007-04 and 2009-01 respectively. In contrast with sea scallops, most finfish and
invertebrate species demonstrated the opposite trend with the prototype dredge being
more efficient. This trend was consistent across both species groups (i.e.
elasmobranches, flatfish, roundfish) and cruises. While all species are important for a
functioning ecosystem, the dynamics of some species are more closely followed. These
species tend to be ones that are persecuted by a commercial fishery or have been
identified as species of special concern. For these species, the prototype dredge
showed large percentage increases relative to the standard dredge. Total monkfish
catch was reduced by 38% to 59% in the prototype dredge and the catch of yellowtail
flounder was reduced by 76% for the only cruise on which it was encountered (Georges
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Bank). Reductions were also noted for species that are not actively managed; i.e. silver
hake, red hake, spotted hake, fourspot flounder, gulfstream flounder, sea robin and
sculpin.
While total catch and calculated percentages are useful measures for describing
general trends in the catch data, formally modeling of the relationship between the two
gears better describes the relative efficiency of the two gears. The one parameter model
(intercept only), utilized the scaled catch data, pooled over all lengths. For some
species, the GLMM did not converge. In most of these cases, total numbers of animals
caught were low. Parameter estimates for the random intercept model ( ß0 only) for
species that did converge are shown in Tables 6-8. Scatter plots of the scaled catches
pooled over all lengths are shown ¡n Figures 2-4, with the estimated intercept (ß0) for
each species being represented as the slope of the dashed line. Estimated relative
efficiency values on the probability scale can be calculated by ? =exp(/?0). This is a
more useful metric for comparing gears in the context of gear changes in a resource
survey setting.
For sea scallops, only cruise 2007-02 resulted in a significant difference between
gear configurations with a relative efficiency value of 1 .34. For sea scallops, there was
no significant difference in the total pooled catches for cruises 2007-04 (0.92) and 2009-
01 (1.005). For many finfish and invertebrate species, low numbers and highly variable
catches resulted in many non-significant comparisons. For the significant comparisons,
estimates of ^0 were always negative indicating that the standard dredge was less
efficient than the prototype dredge. For cruise 2007-02, red hake (0.55), spotted hake
(0.55) and monkfish (0.96) showed significant reductions. For cruise 2007-04, only
blackback flounder (0.32) was significantly different. Yellowtail flounder, a species that
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demonstrated large differences in total catch (Table 4) was marginally insignificant
(p=0.051 ) and had a relative efficiency value of 0.71 . For cruise 2009-01 , many species
demonstrated significant differences. For managed species, monkfish (0.63), silver hake
(0.51), and scup (0.61) showed significant relative decreases in catches of the prototype
dredge relative to the standard design. For species that are commonly discarded,
catches of unclassified skates (0.80), spotted hake (0.58), fourspot flounder (0.51) and
armored searobin (0.56) all demonstrated significant reductions.
Length effects
The possibility exists that even though total catch could be similar, the length
distributions captured by the two gears could be drastically different. Low order
polynomials with respect to length were also examined to test for differences in the
length composition of the catches from the two dredges. Due to the expected similarity
of the underlying selective properties of the gears, all species reduced to a linear
approximation for length effect. When the second or third order polynomial model runs
did converge, the removal of those terms was supported by the likelihood ratio and the
examination of AIC and BIC values. The examination of length effects utilized the
unsealed catch data and included an offset term to account for differential sub-sampling
of the catch. Sub-sampling only occurred in the case of sea scallops. Finfish and
invertebrates bycatch was low enough to obtain a complete length frequency for the
entire sample.
Overall, there were very few instances where significant length effects between
gear configurations were detected. Parameter estimates for the three cruises are shown
in Tables 9-1 1 . Plots of observed and predicted proportions overlaid on the length
frequency distributions are shown in Figures 5 to 7). Due to large numbers of animals
captured, sea scallops, over all three cruises, produced stable estimates and narrow
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confidence bands. Sea scallop length was a significant factor for all three cruises. For
two cruises, (2007-02 and 2009-01) length based relative efficiency values increased as
a function of increasing scallop size (i.e. positive slope). In the case of cruise 2009-01,
the prototype dredge appeared to outperform the standard dredge until a scallop length
of about 100 mm where the relationship was reversed. This was not the case for cruise
2007-02 where the standard dredge consistently captured a higher proportion of scallops
at length over all length classes. For cruise 2007-04 the opposite relationship was
observed. For this cruise, length based relative efficiency decreased as a function of
scallop length. Again there was a slight reversal at roughly 50 mm shell height,
however, this change in relative efficiency was slight and likely an artifact of variability of
the logit of the proportion at small shell heights.
Length frequency information was primarily recorded for finfish and invertebrate
bycatch that represented commercially important species. In some of these cases,
overall catch rates were low and the length distributions were ambiguous, showing little
coherent age class structure. The model was too complex for some species, especially
those with low catch rates, and became unstable exhibiting convergence difficulties.
These species were omitted from this analysis. For the species where model
convergence was obtained, one significant length effects was observed. The only
significant length effect was for yellowtail flounder during cruise 2007-04. In this case,
the modeled proportion increased as a function of fish length. For most species the
variability in catch at length resulted in parameter estimates with high standard errors
producing wide confidence bands. So while a general length based trend was observed
for many species this variability coupled with low sample sizes precluded statistical
significance. In these cases, statistical inference from the null model (intercept only)
becomes more informative regarding observed differences in the performance of the two
dredge designs.
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Discussion
When monitoring relative changes in abundance over time through annual fishery
surveys, the implicit assumption in comparing the results between years is that the
measured index of abundance is proportional to the actual abundance. The
proportionality constant known as the catchability coefficient (q) is assumed in the
strictest sense to be constant, or at least stationary (varying without trend) (Kimura and
Somerton 2006). To satisfy the assumption of stationarity of q, researchers must
standardize all components of the survey methodology. Should changes to the vessel
and/or gear occur it is vital to calibrate the new methodology to the old to ensure
comparability to existing time series. In the event of changes to the capture gear used in
surveys, an understanding of how these changes effect the catchability of target species
is vital to seamlessly move forward the times series and allow this information to be
utilized in stock assessment models.
For the main species of interest for this survey, sea scallops, there was a general
trend for the standard gear to be more efficient than the prototype dredge. This
difference was significant and fairly extreme for the first sampling cruise (2007-02).
Subsequent cruises exhibited a similar trend, however the magnitude of the difference
was greatly reduced and the overall catch rates for these trips were not significantly
different. The extension of the GLMM to include length effects detected significant
differences between the two gears for all cruises. There was some difference in the
slope of the lines that characterized the length effects. The two trips that occurred in the
mid-Atlantic region (2007-02 and 2009-01) both showed an increasing proportion of
larger scallops being captured by the standard dredge. The Georges Bank trip showed
the opposite trend as the proportion of larger scallops captured by the standard dredge
decreased as a function of scallop length. It is important to note that the scallop length
frequency distributions for the two regions differed. Georges Bank is characterized by a
series of permanent closures and the resource in those areas generally contains large
specimens (Murawski et. al., 2000). The mid-Atlantic, especially in the sampled areas is
characterized by a series of closed areas that are managed explicitly to increase scallop
yield (Hart, 2003). As a result, the age structure in those areas is often comprised of
scallops that are, on average, at a smaller size relative to their maximum. The possibility
exists that some component of the prototype dredge enables that gear design to more
efficiently harvest larger scallops relative to the standard design. The turtle/rock chains
are one possible modification that may be the cause of this phenomenon. The opposite
may also be occurring for the mid-Atlantic cruises where the chains may reduce the
relative catch at smaller sizes. Proportions for both large and small scallops over all
trips appear to support this observation, however this hypothesis should be taken with
some caution, as proportions resulting from small sample sizes can be misleading.
While the primary focus of the results from this survey are sea scallops, many
other species are consistently sampled via a scallop dredge and an understanding of the
relative effect of a gear change for these species may provide insight as to how a suite
of gear changes can affect the capture of a wide variety of finfish and invertebrate
species. In general, the prototype dredge was more efficient relative to the standard
dredge across both species and cruise with respect to the non-target species (sea
scallops). While in many cases, the species specific bycatch rates were low, some
species, however, were well represented. Large percentage decreases in total catch,
were common and the GLMM results mirror these observations. For many species,
(especially non-commercially important species) total counts were obtained and length
distributions were not recorded. For these species an intercept-only model was used.
There was a general trend across trips for the standard dredge to be less efficient than
the prototype dredge, although for some species, the relationship was not consistently
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significant across cruises. For example, monkfish catches were consistently reduced in
the prototype dredge over all three cruises, however, this reduction was only significant
on the two mid-Atlantic cruises. The examination of length effects was less clear as the
model was often too complex for the data and results became unstable. This was most
likely due to low numbers of catch at length and was manifested by many insignificant
model runs as shown in Tables 9-1 1 and Figures 5-7. For finfish, only yellowtail flounder
during the Georges Bank cruise (2007-04) demonstrated a significant effect of length as
the proportion of yellowtail retained by the standard dredge increased as a function of
length. Future work focused on understanding the differences in relative dredge
performance with respect to finfish and invertebrate bycatch should endeavor to obtain
more replicates with higher numbers of observations.
While the NMFS survey dredge has undergone little modification through its
service life, the commercial dredge has been constantly evolving. Design changes are
primarily driven by refinements in the management regime that has sequentially
endeavored to increase scallop yield per recruit through ring size increases (DuPaul,
and Kirkley, 1995; DuPaul et. al., 1989; Goff, 2002). Recently, as bycatch becomes a
more important component of fisheries management, dredge modifications have focused
on ways to reduce the incidence of both finfish and sea turtle bycatch (DuPaul et. al.,
2004; Smolowitz et. al., 2004; Milleville, 2008). Despite major changes to portions of the
dredge that are amenable to modifications, species such as monkfish and some
flounders remain stubbornly resistant to gear based changes in species specific
catchability. Many of these design changes resulted in drastic alterations to the
underlying selective properties of the gear. The design modifications that characterized
the updating of the NMFS survey dredge did not endeavor to make drastic changes to
the selective properties. Instead, the goal was to maintain scallop catchability and
engineer a gear that was consistent both spatially and temporally.
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Catch comparison experiments represent a common and pragmatic experimental
approach to assess the effect of a gear modification relative to a standard design.
Commonly, these results are used to support decisions regarding the appropriateness of
implementing gear based changes to meet a management objective. Given the
importance of these experimental results in shaping the interaction between the
harvesters and the resource, analytical methods for this type of experiment have not
developed and traditional methodologies suffer from structural deficiencies (Hoist and
Revill, 2009). Traditional test based approaches (i.e. paired t-test and ANOVA) that
have commonly been used to test for statistical significance between gear designs are
not appropriate given the underlying distributional structures that are common for
discrete data. The method used here, while unable to describe the underlying size
selective properties of the gear, does provide a flexible method to fit length based curves
with for a variety of situations with negligible bias and realistic variance estimates (Hoist
and Revill, 2009). Fryer et.al., (2003) proposed a similar method, but advocated the use
of a two tiered approach to model catch comparison data. That method utilized the
combination of a mixed effects model and non-parametric smoothers to interpolate the
assumed complicated form of the modeled proportions. Recent work by Hoist and Revill
(2009) advocated low order polynomials within the framework of the GLMM to model the
observed proportion. This approach is flexible enough to be utilized for a suite of
situations relating to how the underlying selective processes of the compared gears may
vary, as well as accounting for variation caused by sampling over replicate tows.
The implicit assumption for many traditional catch comparison experiments is of
equal availability of animals in the tow path for gear tested and any difference in catch
per unit effort (CPUE) is a function of the modifications made to the gear (DuPaul, and
Kirkley, 1995; DuPaul et. al., 1989; Goff, 2002). Mixed effect models do not necessarily
make this assumption and can account for the varying densities encountered by the
individual vessels on a tow by tow basis (Littell, et. al., 2006). In addition to accounting
for the variation which results from differing animal densities, the random effects in the
model will absorb another source of variability. Accounted for in models that describe
fishing gear size selectivity, the phenomenon of between haul variation is well described
(Fryer, 1991, Millar et al, 2004). In this context, between-haul variation is considered a
random effect that can arise from a large variety of sources associated with fishing
operations. For this study, the random effect included both between-haul variation in the
fishing gear as well as the potential differences in scallop densities encountered by the
two vessels.
Simulations by Cadigan and Dowden (2010) explored the performance of mixed
models for the estimation of relative efficiency from paired tow calibration data. Models
that included a random effect performed more reliably in the presence of between-haul
variation in animal density relative to models that did not include a random effect to
account for this source of variability. In this study, we did not evaluate the relative
performance of GLMs and GLMMs, but felt that the even though the experimental
protocol specified that the two gears were fished simultaneously, the assumption of
equal animal density available for both gears was unrealistic and overly restrictive. In
addition to utilizing a mixed model approach to account for sources of variation, the use
of an offset in the model allows for the use of unsealed catch data. Often when large
catches are encountered during experimental work, the catch will be sub-sampled to
improve efficiency and maximize replicate tows. By scaling the data prior to analysis,
the degrees of freedom are incorrectly specified. Artificially inflated degrees of freedom
results in standard errors that are too small and confidence band that are artificially
narrow (Millar et al., 2004). In addition to accounting for sub-sampling of the catch, the
offset term in the binomial logistic regression can be used to account for differential tow
lengths. While this was not an issue in the present work where the two gears were
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fished from the same vessel and differences in tow duration were assumed negligible,
incorporation of this factor in the offset term would be critical in situations where the
gears were fished on separate vessels or if the two gears were of varying sizes.
In addition to the appropriate analytical framework to analyze the data, a
thorough comparison should sample from across the spectrum of both biotic and abiotic
conditions in which the gear is used. One advantage of conducting these gear
comparisons within the context of annual synoptic survey of the resource is the broad
biogeographic range covered by the comparative sampling. While this is a benefit in a
holistic sense, it also introduces a suite of potential covariates that may affect the
relative performance of the two gear designs. Covariates were not considered in this
analysis, however, further work should include an assessment of how these factors
impact the relative performance of the compared gears
Our results suggest that the modifications made to the prototype dredge had an
impact on the relative performance of the two gears. The prototype dredge was
designed with the addition of a chain mat for both a potential mitigation of sea turtle
bycatch and an ability to operate consistently in rocky habitat without incurring damage
to the gear. Based on industry practices, chain mats represent a tradeoff with respect to
the potential reduction of gear efficiency (for scallops) associated with a dredge
equipped with chains. Our results suggest that this may be true up to a point based on
scallop size, where the ability of the prototype dredge to capture large scallops may be
enhanced by the design changes. Unfortunately, only one cruise had enough large
animals to further evaluate this trend. Results with finfish were variable, but in most
cases the prototype dredge was more efficient than the standard dredge. The addition
of the rock/turtle chains again may be a contributing factor as ticker chains (horizontal
chains) are used in many gear types to elevate fish and invertebrates into the water
column and facilitate entrance into the ring bag or codend.
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In this experiment, we attempted to document the effect of design changes made
to the NMFS sea scallop survey dredge. Ultimately, due to the nature of the
modifications to the dredge and the robust nature this type of gear, minor differences
were observed. For scallops, with the exception of the first cruise, differences were fairly
minor. Differences in finfish catches, however, were significant for some species and
indicated that careful consideration must be used if assuming a constant catchability
between the two dredge designs. While modifying a gear that had been used virtually
unchanged for decades may call for a close examination of the potential effect of those
changes from a stock assessment standpoint, additional advantages were also realized.
The redesign of the NMFS survey dredge resulted in a sampling gear that was more
robust to the difficult environment that it is used, requires less at-sea maintenance and
since the re-design was completed in conjunction with the fishing industry, greater
confidence in the experimental results obtained when using the updated design.
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Figure 2 Total scaled catches for sea scallops and common bycatch species for the
standard dredge vs. prototype dredge encountered during cruise 2007-02. The red line
has a slope of one. The dashed line has a slope equal to the estimated relative
efficiency (from the one parameter mixed effects model).
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Figure 3 Total scaled catches for sea scallops and common bycatch species for the
standard dredge vs. prototype dredge encountered during cruise 2007-04. The red line
has a slope of one. The dashed line has a slope equal to the estimated relative
efficiency (from the one parameter mixed effects model).
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Figure 4 Total scaled catches for sea scallops and common bycatch species for the
standard dredge vs. prototype dredge encountered during cruise 2009-01. The red line
has a slope of one. The dashed line has a slope equal to the estimated relative
efficiency (from the one parameter mixed effects model).
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Figure 5 The proportion of scallops and common bycatch species retained and
discarded by the two dredge designs tested during cruise 2007-02. A proportion >0.5
represents more animals at length captured by the standard dredge. The open circles
represent the observed proportion at length (Catchstandard/(Catchprototype + Catchstandard).
The grey area represents the 95% confidence band for the modeled proportion (solid
black line).
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Figure 6 The proportion of scallops and common bycatch species retained and
discarded by the two dredge designs tested during cruise 2007-04. A proportion >0.5
represents more animals at length captured by the standard dredge. The open circles
represent the observed proportion at length (Catchstandard/(Catchpratoiype + Catchstandard)·
The grey area represents the 95% confidence band for the modeled proportion (solid
black line).
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Figure 7 The proportion of scallops and common bycatch species retained and
discarded by the two dredge designs tested during cruise 2009-01. A proportion >0.5
represents more animals at length captured by the standard dredge. The open circles
represent the observed proportion at length (Catchstandard/(Catchprototype + Catchstandard)-
The grey area represents the 95% confidence band for the modeled proportion (solid
black line).
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Chapter 5
Calibrating Industry Vessels to the NMFS Sea Scallop Time Series:
Commercial Vessels and the R/V Albatross IV
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Abstract
The annual synoptic survey of the United States sea scallop resource by the
National Marine Fisheries Service represents a vital component of the information used
to manage the fishery. Sea scallop abundance indices obtained from this survey, have
been generated from research cruises aboard the R/V Albatross IV since the 1970's. In
addition to the continuity of vessel platform, the survey dredge had also been consistent
throughout the time series. Research vessels have a finite life span and improvements
to sampling gear are sometimes required. Care, however, must be taken to account for
any changes in catchability that might occur due to altering a vessel or sampling gear.
Systematic error may be introduced into the time series if the indices are not adjusted to
account for these changes the sampling protocol.
The summer of 2007 represented the final year of operations for the R/V
Albatross IV. In anticipation of the retirement of this vessel, the Virginia Institute of
Marine Science (VIMS) in conjunction with the Northeast Fisheries Science Center
(NEFSC) and the sea scallop industry conducted vessel calibration experiments during
the 2007 NMFS sea scallop survey. These experiments, conducted aboard two
commercial sea scallop vessels, were intended to preserve the continuity of the time
series by providing fishing power correction factors relative to the R/V Albatross IV. This
information would facilitate the use of the calibrated commercial vessels to conduct the
survey, or at least form a link from the R/V Albatross IV to any future survey platform. In
addition to calibrating two potential vessel platforms, an updated dredge design
(developed by the Sea Scallop Survey Panel (SSSP)) was also used in the experiment.
The new dredge design, towed simultaneously with the standard dredge was used to
anticipate and account for a potential change in survey gear. In total fishing power
correction factors were estimated for four different vessel-gear configurations with
respect to the CPUE of sea scallops. Correction factors were generally small, indicating
that the systematic bias associated with different vessel-gear configurations was not
large, although significant scallop catch at length differences were observed for some
vessel/gear combinations. Results suggest a possible regional effect as a result of the
predominant substrate type differentially affecting the relative catchability of the gear
configurations tested). Overall, these results indicated that commercial vessels represent
a viable option to conduct the annual dredge survey and present the correction factors
that would enable the use of these vessels during future survey efforts.
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Introduction
Fishery surveys provide information that is vital for the assessment of aquatic
resources. Information supplied by annual synoptic surveys of fish and shellfish stocks
serves a variety of important roles. Indices of abundance generated by surveys, track
relative changes in population abundance over time, and depending on the configuration
of the gear used the presence and relative magnitude of recruitment events. Surveys
can provide information to detect changes in species assemblage over time, as well as
providing samples to assess changes on an organismal level (Hilborn and Walters 1992;
Gunderson 1993). Perhaps most important, the information gathered by annual fishery
surveys populate stock assessment models. These models, in turn, estimate critical
components of the assessed stock such as estimates of present and future abundance,
as well as mortality rates. With these estimates, guidance to managers relating to
responsible levels of harvest can be supplied in order to achieve management goals.
Given the importance of the time series to both stock assessments and ultimately the
responsible and effective management of marine resources, the onus lies on maintaining
a high level of long term data quality. It is essential to preserve the continuity of the time
series and is vital to insure its utility as a source of information in both retrospective as
well a forward projecting modeling efforts.
When monitoring relative changes in abundance over time through annual fishery
surveys, the implicit assumption in comparing the results between years is that the
measured index of abundance is proportional to the actual abundance. The
proportionality constant known as the catchability coefficient (q) is assumed in the
strictest sense to be constant, or at least stationary (varying without trend) (Kimura and
Somerton 2006). To satisfy the assumption of stationarity of q, researchers must
standardize all components of the survey methodology. Should changes to the
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methodology occur it is vital to calibrate the new methodology to the old to ensure
comparability to existing time series. In the event of changes to survey protocols,
calibration experiments allow for the utilization of the entire time series to seamlessly be
included in stock assessment models.
Many components of fishery surveys can be standardized through time to satisfy
the assumption of stationarity of the catchability coefficient. Maintaining a standard
survey design, fishing gear and sampling methodology are excellent practices, however
a major impetus necessitating calibration studies is either the replacement of a
dedicated survey vessel, the utilization of multiple vessels to complete a given survey or
changes to the survey gear (Tyson et. al., 2006). Differences in survey vessels can
have a profound effect on the magnitude of the CPUE observed during in a given
survey. This vessel effect has the potential to introduce bias into the time series if left
unaccounted for (Pelletier, 1998). Calibration experiments designed to quantify the
relative differences in fishing power can account for any changes to the survey
methodology (vessel, gear, design, etc.) and are used to adjust the time series moving
forward (von Szalay and Brown, 2001).
The methodology for conducting fishing vessel inter-calibration experiments was
reviewed by Pelletier (1998). She observed that these experiments generally fall into
two experimental design categories. The first design was an independent haul approach
which sampled in a confined area with the assumption of uniform fish abundance and
environmental conditions throughout the area. Experiments utilizing this approach
generally estimated the fishing power correction factors within a randomized block
ANOVA framework with each tow representing a block. In general, this design
introduces considerable spatial and temporal variability. The result of this variability is a
requirement of a large effective sample size to detect differences in the block-treatment
effect. Additionally, these additional sources of unaccounted variability have the
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potential to affect the precision of estimated fishing power correction factors (FPC)
(Pelletier, 1998). The second and much more common experimental approach was the
paired design, where two vessels occupied tows either simultaneously separated by a
safe, but small distance, or reoccupied the same tow path in close succession. This
paired design has the advantage of reducing the spatial and temporal variability relative
to the independent haul method.
Regardless of the survey design used, fishing power correction factors lend
themselves to certain classes of analytical approaches. First used by Robson (1966)
variations of log-transformed multiplicative models have been a common analytical
approach (Sissenwine and Bowman 1978; Wilderbuer et al. 1998). Another approach
involves a ratio estimator of the mean CPUE of the two gears or vessel/gear
combination (Wilderbuer et al. 1998; Tyson et al. 2006). These two analytical
approaches are sensitive to implicit assumptions relating to the availability of fish in the
tow path. Violation of these assumptions is possible due to the nature of some habitats
sampled as well as the contagious distribution of fish (Lewy et al. 2004).
Kappenman (1992) developed an approach to estimate relative fishing power
based upon a ratio of scale parameters for two positive random variables (CPUE). The
underlying assumption of this method was that the two CPUE distributions for a given
species have the same underlying shape, but different scales. With this technique, a
fishing power correction factor is estimated from the ratio of the two scale parameters.
This approach is attractive relative to more traditional analytical procedures (randomized
block ANOVA, ratio of mean CPUE, least squares regression) due to the lack of
assumptions required. The Kappenman technique does not require a strict pairing of
tows and there is no assumption of equal fish density available for each tow. Utilizing
the same data set, Wilderbuer era/. (1998) compared 4 approaches (randomized block
ANOVA, ratio of mean CPUE, least squares regression, Kappenman) and found similar
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and superior performance for the randomized block ANOVA and Kappenman. While
procedures for calculating 95% confidence intervals exist for randomized block ANOVA,
ratio of mean CPUE, least squares regression one does not exist for the Kappenman
estimator, von Szalay and Brown (2001) used a bootstrapping approach to resample
the CPUE data from the two vessels and estimate the variance of the Kappenman
estimator.
More recently, FPCs have been estimated with analytical approaches utilizing
generalized linear models (GLM) and generalized linear mixed models (GLMM) (Heiser
et al. 2004; Lewy eí al. 2004; Cadigan eí. al., 2006). In addition to estimating FPC, Lewy
eí al. (2004) was able to estimate the disturbance effect that occurred when two vessels
consecutively tow along a similar tow paths causing a change in the availability of fish.
Both the Kappenman method (1992) as well as the GLMM approach by Heiser eí al.
(2004) have been used to examine FPCs in surveys where multiple vessels have been
used in a given survey. These studies are interesting in the fact that explicit calibration
experiments were not performed, yet survey results were analyzed a posteriori and
allowed the consolidation of multiple data sets data into calibrated indices of abundance
(von Szalay and Brown, 2001 ; Heiser eí al. 2004). This approach can have benefits in
reducing the inherent spatial and temporal variability when large geographic areas are
surveyed especially with highly mobile or migratory species.
Regardless of the technique used to estimate a FPC, the critical decision is
whether to apply the correction to the existing time series. Traditionally, 95% confidence
intervals were use to decide whether to apply the factor. If the interval spanned one
(implying there was no difference in vessel/gear variant for a given species) a correction
was not applied. Conversely, if the interval did not include one then the correction was
applied. This thinking can be problematic in the sense that FPCs are notoriously
imprecise (i.e. wide confidence intervals that include unity) and true differences in
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relative fishing power may be incorrectly rejected. Munro (1998) developed an objective
decision rule for the application of the correction factor based on the conjecture that the
application of a FPC was only beneficial if it reduces the error in the estimate of the
mean CPUE.
In anticipation of the retirement of the RA/ Albatross IV, the Virginia Institute of
Marine Science (VIMS) in conjunction with the Northeast Fisheries Science Center
(NEFSC) and the sea scallop industry conducted vessel calibration experiments during
the 2007 NMFS sea scallop survey. These experiments, conducted aboard two
commercial sea scallop vessels, were intended to preserve the continuity of the time
series by providing fishing power correction factors relative to the RA/ Albatross IV. This
information would facilitate the use of the calibrated commercial vessels to conduct the
survey, or at least form a link from the RA/ Albatross IV to any future survey platform.
Methods
The main objective of this study was to document the utility of utilizing
commercial vessels as survey platforms to continue the NMFS sea scallop time series.
Implicit to this objective is the assessment of potential differences in relative efficiency
between the vessel that is serving as the current platform and its replacement. In
addition to differences in relative efficiency that result from a change in vessel platform,
a re-designed scallop survey dredge was also assessed. Data from paired tows were
used to quantify potential differences in vessel/gear combinations. These paired tows
were conducted by two commercial vessels (FA/ Nordic Pride and FA/ Celtic) on two
separate legs of the annual sea scallop survey. The paired tows for the comparison
were a subset of the 2007 survey effort, but were selected to be representative of the
domain sampled by NMFS. In addition to the geography sampled, the comparative tows
were also representative of the range of biotic factors (scallop size, density and co-
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occurring species) as well as abiotic factors (depths, currents, and substrate)
encountered.
Experimental Design
For this experiment, the two commercial vessels were selected based on vessel
characteristics. To be a candidate vessel to conduct offshore survey work, these
vessels needed to be able to sample in all portions of the sea scallops range. In the
fishery, there is a wide range of vessels and not all vessels can effectively operate in all
areas due to different prevailing weather and oceanic characteristics. The vessels also
needed to be large enough to accommodate the scientific party as well as the vessel
crew with ample space for the completion of sampling. Characteristics of vessels used
in the study are shown in Table 1 .
The calibration experiments were conducted within the context of the NMFS
annual sea scallop survey (Figure 1). This survey utilizes a stratified random design to
sample throughout the entire U.S. range of the sea scallop. (Serchuk and Wigley 1986).
Due to regional differences in the composition of the substrate as well as hydrographie
conditions, our goal was to sample throughout the geographic regions sampled by the
R/V Albatross IV. Sampling cruises occurred during two legs of the NMFS survey. The
first cruise sampled stations in the mid-Atlantic region, specifically the DelMarVa area
(Figure 2). The second cruise was to Georges Bank and stations were occupied along
the northern flank of the bank from the Southeast Channel to the Northeast Peak (Figure
2).
Sampling gear consisted of two sea scallop survey dredges towed
simultaneously. The first dredge was the standard NMFS sea scallop survey dredge
that has been in service, virtually unmodified since the 1970's. This dredge is 8 ft in
width, with a dredge bag consisting of 2 inch rings. The twine top is comprised of 3.5
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inch diamond mesh and there is a 1.5" liner throughout the dredge bag. There were no
turtle excluder chains on this dredge. The second dredge used in this study was a
modified version of the standard dredge developed by the Sea Scallop Survey Advisory
Panel. In this document, this dredge will be referred to as the "prototype"' dredge. The
components of the prototype dredge are almost identical to the standard dredge (i.e. ring
size, liner mesh size, twine top mesh size). Differences exist in relation to a slightly
modified dredge frame, modifications to the ring bag and slight modifications to the mesh
counts of the liner and twine top. A major difference between the standard and
prototype dredge configurations is the addition of a wheel on the frame of the dredge as
well as turtle/rock chains. The rationale behind the inclusion of chains for this dredge
was to construct a dredge that was functional in all areas sampled as well as being
proactive in taking measures relating to the exclusion of sea turtles from sea scallop
dredges.
While at sea, the sampling protocol included the re-occupation of sampling
stations occupied by the FW Albatross IV. Start/stop locations for each tow completed
by the FW Albatross IV were relayed to the commercial vessel via VHF radio. With the
goal of re-occupying the stations as quickly as possible, a subset of stations was
selected for re-sampling (the FW Albatross IV conducts 24 hour operations, while the
F/Vs in this study sampled for roughly 16-18 hrs/day). During the execution of the tow,
the captain of the F/V attempted to mirror the start/stop locations as closely as possible.
While it is safe to assume that there was some crossing of tow paths, it is unlikely that
the tow path was duplicated precisely. For each comparative tow, the dredges were
fished for 15 minutes with a towing speed of approximately 3.8-4.0 kts. High-resolution
navigational logging equipment was used to accurately determine vessel position and
speed over ground. Time stamps from the navigational log in conjunction with the tow
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level information recorded on the bridge were used to determine the location, duration
and area fished by the dredges.
Sampling of the catch was conducted in the same manner as established by
DuPaul et. al,. 1989. For each paired tow, the entire scallop catch will be placed in
baskets. A fraction of these baskets will be measured to estimate length frequency for
the entire catch. The shell height of each scallop in the sampled fraction will be
measured in 5 mm intervals. This protocol will allow for the determination of the size
frequency of the entire catch by expanding the catch at each shell height by the fraction
of total number of baskets sampled. Finfish and invertebrate bycatch will be quantified,
with finfish being sorted by species and measured to the nearest 1 cm. Sampling
protocol was similar on the RA/ Albatross IV.
The standard data sheets, used since the 1998 Georges Bank industry-based
survey, will be used. The bridge log maintained by the captain/mate will record location,
time, tow-time (break-set/haul-back), tow speed, water depth, catch, bearing, weather
and comments relative to the quality of the tow. The deck log maintained by the
scientific personnel will record detailed catch information on scallops, finfish,
invertebrates and trash.
Statistical Models
Scallop catch data from the paired tows provided the information to estimate
differences in the fishing power of each vessel/gear combination tested. Following the
analytical framework presented in Cadigan et.al., (2006) and Cadigan and Dowden
(2010), we assume that each vessel/gear combination tested in this experiment has a
unique catchability. Let qr equal the catchability of the RA/ Albatross IV and qf equal the
catchability of the commercial vessel (FA/ Nordic Pride or FA/ Celtic) used in the study.
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The efficiency of the research vessel relative to the commercial vessel will be equivalent
to the ratio of the two catchabilities.
A=- O)
The catchabilities of each the vessel/gear combination are not measured directly.
However, within the context of the paired design, assuming that spatial heterogeneity in
scallop density is minimized, observed differences in scallop catch for each vessel will
reflect differences in the catchabilities of the vessel/gear combinations tested. Our
analysis of the efficiency of the research vessel relative to the commercial vessels
consisted of two levels of examination. The first analysis consisted of an examination of
potential differences in the total scallop catch per tow. Subsequent analyses
investigated whether scallop size was a significant factor affecting relative efficiency.
Each analysis incorporated an approach to account for within-tow variation in the spatial
heterogeneity of scallop density.
Let Civ represent the scallop catch at station / by vessel v, where v=r denotes the
research vessel (RA/ Albatross IV) and v=f denotes the commercial vessel (FA/ Nordic
Pride or FA/ Celtic). Let ??G represent the standardized scallop density for the /h station
by the RA/ Albatross IV and Aif the standardized scallop density encountered by the
commercial vessel. We assume that due to the tow paths taken by the respective
vessels at tow /', the densities encountered by the two vessels may vary as a result of
small-scale spatial heterogeneity as reflected by the relationship between scallop patch
size and coverage by a standardized tow. The standardized unit of effort is a survey tow
of 15 minutes at 3.8 kts. which covers a linear distance of approximately .95 nautical
miles. The probability that a scallop is captured during a standardized tow is given as qr
and qf. These probabilities can be different for each vessel, but are expected to be
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constant across stations. Assuming that capture is a Poisson process with mean equal
to variance, then the expected catch by the commercial vessel is given by:
E(Cif)=qfXif=Mi (2)
The catch by the RA/ Albatross /Vis also a Poisson random variable with:
£(cJ=?A = mexp(3) (3)
Where 5¡ =log (Air/ Aif). For each station, if the standardized density of scallops
encountered by both vessels is the same, then 5¡=0.
If the vessels encountered the same scallop density for a given tow, (i.e. Air= Aif),
then ? can be estimated via a Poisson generalized linear model (GLM). This approach,
however, can be complicated especially if there are large numbers of stations and
scallop lengths (Cadigan et. al., 2006). The preferred approach is to use the conditional
distribution of the catch by the research vessel at station i, given the total non-zero catch
of both vessels at that station. Let c¡ represent the observed value of the total catch.
The conditional distribution of Cir given C¡=c¡ is binomial with:
Pr(C,, =x\Ci=c) = [^px{\-pf-x (4)
Where p=p/(1+p) is the probability a scallop is captured by the research vessel. In this
approach, the only unknown parameter is ? and the requirement to estimate µ for each
station is eliminated as would be required in the direct GLM approach (equations 2 & 3).
For the Binomial distribution E(Cir)=c¡p and Var(C¡r)=c¡p/(1-p). Therefore:
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log
f ?
P
\l~Pj
log(A> = /? (5)
The model in equation 5, however does not account for spatial heterogeneity in the
densities encountered by the two vessels for a given tow. If such heterogeneity does
exist then the model becomes:
log
\}-Pj = fi + St
(6)
Where 5¡ is assumed to be normally distributed with a mean=0 and variance=o2. This
model represent the formulation to estimate the vessel effect (exp(ß0)) when scallop
catch per tow is pooled over length.
Often, the replacement of a survey vessel presents an opportunity to make
changes to the survey fishing gear. In those instances, the potential exists for the
catchability of scallops at length, /, to vary. Even in cases where the survey fishing gear
remains the same, length effects are possible. Models to describe length effects are
extensions of the models in the previous section to describe the total scallop catch per
tow. Again, assuming that between-pair differences in standardized scallop density
exist, a binomial logistic regression GLMM model to reflect the situation where one
vessel encounters more scallops, but they are of the same length distribution would be:
log
\l~Pij
= ß0+d?+ß11,d?~?(0,s2),? = 1,...,?. (7)
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In this model, the intercept (ß0) is allowed to vary randomly with respect to station.
The potential exists, however, that there will be variability in both the number as
well as the length distributions of scallops encountered within a tow pair. In this
situation, a random effects model that allows both the intercepts (d0) and slopes (O1) to
vary randomly between tows is appropriate (Cadigan and Dowden, 2010). This model is
given below:
log
y-Pi = ß0+oi0+(ßi+Sn)l,SlJ~N(0,a2J),i = l,...,n,j = 0,l. (8)
For this analysis, scallop lengths were standardized to average zero. Without this
standardization, the possibility exists that the slopes and intercepts are correlated. In
addition, the lengths were scaled by the interquartile range to reduce optimization
problems caused by taking too large steps during the minimization procedure (N.
Cadigan, pers. comm.).
Adjustments for sub-sampling of the catch and differences in area swept
Additional adjustments to the models were required to account for sub-sampling
of the catch as well as differences in the observed area swept by the two gears. In
some instances, due to high volume, catches for particular tows were sub-sampled.
Often this is was accomplished by randomly selecting a subset of the total catch (in
baskets) for length frequency analysis. One approach to accounting for this practice is
to use the expanded catches. For example, if half of the total catch was measured for
length frequency, multiplying the observed catch by two would result in an estimate of
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the total catch at length for the tow. This approach would artificially overinflate the
sample size resulting in an underestimate of the variance, increasing the chances of
spurious statistical inference (Millar et. al., 2004; Holst and Revill, 2009). In our
experiment, the proportion sub-sampled was consistent throughout each tow and did not
vary with respect to scallop length. While experimental protocol dictates a standardized
tow of roughly 0.95 nautical miles (3.8 kts. For 15 minutes), in practice variability exists
in the actual tow distances covered by each vessel. These differences must be
accounted for in the analysis to ensure that common units of effort are compared.
Let qir equal the sub-sampling fraction at station / for the vessel r and let dir be the
areal coverage at station /', for vessel r. This adjustment results in a modification to the
logistic regression model:
log( » ^ (q„d ^Pi
1 + ? = A> +^o + (A +^i ? +logV Vifdifj,SiJ~N(0,a*),i = l,...,nJ = 0,\. (9)
The last term in the model represents an offset in the logistic regression (Littell, et. al.,
2006).
Statistical software
We used SAS/STAT® PROC NLMIXED to fit the generalized linear mixed effects
models. This procedure fits the specified nonlinear model by maximizing a
approximation to the likelihood integrated over the random effects (Wolfinger, 1 999).
While PROC NLMIXED is limited in the number and complexity of the random effects
that can be effectively modeled, Cadigan and Dowden (2010) reported that simulation
results using this software were more reliable relative to procedures that relied on
different approximation techniques.
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Results
Two comparative fishing experiments were conducted during the annual NMFS
sea scallop dredge survey aboard the FW Albatross IV. The two trips coincided with the
mid- Atlantic and Georges Bank legs of the survey. The first trip during the mid-Atlantic
leg of the survey was aboard the FA/ Nordic Pride hailing from New Bedford, MA (see
Table 1 for vessel characteristics and Figure 2 for a map of the occupied stations). This
cruise occurred from July 10, 2007 to July 17, 2007. During that time 101 comparative
tows were completed, with the eventual number of valid hauls being slightly lower due to
fouled hauls. In general, the comparative stations were completed in the DelMarVa
region of the mid-Atlantic Bight in both open access as well as areas currently managed
under a rotational area management strategy. Included within the broad geographic
range encompassed by the sampling, were the high density areas of the Elephant Trunk
Closed Area as well as the newly closed DelMarVa Closed Area. The areas sampled
resulted in comparative tows that included a wide range of scallop densities as well as
the spectrum of depths generally encountered throughout the survey.
The second cruise was conducted during the Georges Bank portion of the NMFS
survey. This trip was conducted aboard the FA/ Celtic hailing from New Bedford, MA
(See Table 1 for vessel characteristics and Figure 2 for a map of the occupied stations).
This cruise occurred from August 9, 2007 to August 14, 2007. During that time 99
comparative tows were completed, with the number of eventual valid comparisons being
lower due to fouled hauls, gear damage, and other factors. There was a reduction in the
comparative tows for the standard dredge on this leg of the experiment. This reduction
was due to gear related problems encountered at the end of the trip in the Great South
Channel. In general, the comparative stations were completed along the northern flank
of Georges Bank from the Great South Channel to the Northeast Peak. Geographically,
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this area is characterized by a wide range of biotic and abiotic conditions related to
substrate composition, hydrographie conditions, and scallop abundance.
For each cruise, trip level information is shown in Table 2. Each tow pair was
individually examined to determine whether it was appropriate to include in the final
analysis. Gear related problems including hangs, flips and damage justified exclusion.
In addition, a tow track based on the navigational information logged during the
deployment was plotted and examined for spatial congruence. The relative tow
locations of all tow pairs were consistent with the experimental protocol and no tow pairs
were excluded based on this criterion. While the proximity of each tow within a given
pair was acceptable, differences existed in the relative tow distances covered by the two
vessels. A paired t-test showed that significant differences in tow length existed
between all of the vessel/gear combinations. The magnitude of the difference was
generally greater for the FA/ Celtic.
Scallop abundance encountered during the experiments varied broadly, however,
with resource levels being at historical highs, scallops were encountered at the majority
of stations. Any tows that had a zero catch for both gears were excluded from the
analysis as they offered no information relating to the relative efficiency of the two
vessels. On a tow-by-tow basis, relative catch varied across the range of stations
sampled. This information is displayed in Figures 3-6.
One Parameter model (Vessel Effect)
The one parameter model (intercept only), utilized the scaled scallop catch that
was pooled over all lengths. With this data set, three variants of the model (eqn. 6) were
examined to estimate the efficiency of the RA/ Albatross IV relative to the commercial
vessel/gear combinations. Results from the base case model that used the full data set
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are shown in Table 3. Estimated relative efficiency values (interpreted as ( ? =exp( ß0 ))
were 1 .039, 1 .40, 1 .22 and 1 .1 0 for the FA/ Nordic Pr/cfe/Standard Dredge, FA/ Nordic
P/7'cfe/Prototype Dredge, FA/ Ce/f/c/Standard Dredge and FA/ Ce/f/'c/Prototype Dredge,
respectively. For this model run, ß0 was statistically significant for the FA/ Nordic
Pr/cte/Prototype Dredge (p=<.0001) and FA/ Ce/f/c/Standard Dredge (p=.019). Results
from the model that examined the impact on parameter estimates by including an offset
term to account for differential tow lengths are shown in Table 4. Inclusion of this offset
resulted in a general increase in the estimated relative efficiency values, due to the, on
average, greater area covered per tow for the commercial vessels. Of the two
commercial vessels in the study, the FA/ Celtic had longer relative tow lengths, which
resulted In larger increases in the relative efficiency estimates. Examination of model
output from the initial model run indicated the presence of a small number of potential
outlier tows as identified by large residual error. The third model examined the impact
on parameter estimates of the removal of tow pairs identified as outliers. Results from
this model run are shown in Table 5. As reported in Cadigan et al. 2006, the mixed
model approach was robust to the presence of outliers and the effect on parameter
estimates was minimal. A composite of all of the parameter estimates from the model
variants is shown in Figure 18. Observed differences in the parameter estimates for the
three model variants were generally minor.
Scatter plots of the scaled scallop catches pooled over all lengths are shown in
Figures 7-11. Estimated intercept ( ß0 ) for each vessel/ gear combination for the base
case model is represented as the slope of the dashed line. In addition, histograms
depicted the predicted random effects, assumed to be independent (with respect to
station) and identically distributed ?/(0,s2) are also shown in Figures 7-11. These
graphical representations demonstrate that the assumption of random spatial
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heterogeneity for scallops encountered by each vessel/gear combination (log ?,<7 ?,( )
appeared to be reasonably described by the normal distribution.
Two Parameter Model (Vessel and Length Effects)
The two parameter mixed effect model described differences in both the number
as well as the length of scallops encountered by the two vessels. This model assumed
that length varies linearly and allowed both the intercept as well as the slope to vary
randomly from station to station. The model used the unsealed data and includes an
offset term to account for differential sub-sampling of the catch. Again, three model
variants were examined (base case, differential tow length and removal of outliers).
Parameter estimates are shown in Tables 6-8. Plots of observed and predicted
proportions overlaid on the scallop length frequency distributions are shown in Figures
10, 12, 14 and 16). Based upon the estimated length based relative efficiency values as
calculated by the differential tow length model (full data set adjusted for differential sub
sampling and tow lengths), plots of the adjusted catch by the RA/ Albatross IV are
shown for each vessel/gear combination in Figures 11,13, 15 and 1 7. These adjusted
catches appear to capture the differences in the raw data given the assumption of the
differences in the lengths that vary linearly with respect to length. It is possible that a
more complicated relationship (i.e. higher order polynomials) may be present, although
low catches at very small and large scallop lengths may be misleading (Hoist and Revill,
2009).
Significant length effects were observed for both gear types tested aboard the
FA/ Nordic Pride. In both of these cases, the length based relative efficiency values
increased as a function of increasing scallop size (i.e. positive slope). Especially, for the
FA/ Nordic Pride/prototype dredge, the dredges appeared to perform equivalent^ until a
scallop length of about 100 mm where the length based relative efficiency values
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became strongly positive. This does not appear to be the case for the FA/ Nordic
Pr/ofe/standard dredge, where a consistent shift in length was observed. In the majority
of model runs, estimated length effects for the FA/ Celtic were not significant and the
slope of the estimated linear function was slightly negative, indicating a decreasing
relative efficiency as a function of scallop length. As observed in the intercept only
model, the relative effect of including the differential tow lengths in the offset term was in
the parameter estimates for the FA/ Celtic. In addition, the relative effect of removing
outliers was minimal as the inclusion of random effects appears to have absorbed most
of the impact of the outliers. A composite of all of the parameter estimates (ß0, ßi) from
the model variants is shown in Figure 19.
Discussion
Monitoring the changes in fish and shellfish abundance over time is a critical
component of the assessment and management of aquatic resources (Gunderson
1 993). Much of the information to accomplish these assessments comes from fishery
independent surveys conducted by governmental agencies. As these time series grow
older, it becomes more difficult to maintain a standardized survey operation. Vessels
age and need to be replaced, and technology improves, necessitating the updating of
older gear configurations. While these changes presumably allow the fishery biologist to
collect more precise data, care must be taken during times of transition not to introduce
a systematic bias into the time series (Pelletier 1998).
In an effort to facilitate the transition of the NMFS NEFSCs sea scallop survey
from the retiring FA/ Albatross IV io a future vessel platform and potentially a change in
the design of the survey dredge a series of calibration experiments were conducted.
Commercial sea scallop vessels were selected based on their availability, and ability to
conduct survey operations for sea scallops. A paired design was deemed to be the most
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expedient approach to calibrate the vessels, and with the standard protocol specifying
short tow times (15 min), relatively short steaming times between stations, many tows
pairs were accomplished. Wilderbuer et. al., 1998 warns against implementing any
correction factor when less than 50 valid tow pairs (non-zero) were used to estimate the
correction factor. Based on the operational characteristics of the survey, and the healthy
status of the scallop resource, obtaining an adequate sample of valid tow pairs was
attained.
Our results indicated a general robustness of the dredge survey to the effect of
vessel. Correction factors were generally small and in all cases, the R/V Albatross IV
was more efficient than the commercial vessels. Throughout the service life of the R/V
Albatross IV, instances arose where the vessel was not available and a replacement
vessel had to be used. In these circumstances, comparative fishing experiments were
conducted to justify the use of the surrogate vessel (Serchuk and Wigley, 1989; Lai and
Kimura, 2002). These studies found no evidence to support significant differences in
relative efficiency between the R/V Albatross IV and the replacement vessels used in the
comparison. These studies, however, were somewhat limited in both spatially and
temporally.
Results from this study were comprehensive in the broad geographic range
covered by the comparative sampling. Results suggest a potential regional effect that
dredge design had on relative efficiency. The "prototype" dredge was designed with the
addition of a chain mat for both a potential mitigation of sea turtle bycatch and an ability
to operate consistently in rocky habitat without incurring damage to the gear. Based on
industry practices, chain mats represent a tradeoff with respect to the potential reduction
of gear efficiency associated with a dredge equipped with chains. Our results support
this observation and suggest that relative to the RN Albatross IV (equipped with the
standard dredge and no chains) in the smoother, less rocky habitats of the Mid-Atlantic
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Bight, the prototype dredge was less efficient. This pattern was reversed on the F/V
Celtic cruise to Georges Bank, where the habitat is characterized, in general, by rockier
substrate.
While a change in the design of a fishing gear would potentially result change in
the size composition of the catch, a change in the vessel could also have a similar result.
The modeling approach used in this study allowed for an examination of the differences
in the length distribution of the catch. Significant differences in the length distributions of
the captured scallops were observed between the R/V Nordic Pride and the FW
Albatross IV. Length based differences were not detected for the F/V Celtic cruise.
Since the gear configurations used in both legs of the survey were identical, a logical
explanation for the observed differences in length distributions is related to the effect of
vessel. In this study, as well as many traditional calibration analyses, pooled catches
(over all lengths) are used to characterize CPUE (Kappenaman, 1992; Lai and Kimura,
2002; Tyson et. al., 2006). This pooling of the catch can mask important differences that
are vital to characterize the surveyed population and could potentially result in erroneous
assumptions regarding indices of abundance. While attempts have been made to group
fish into size classes and test for differences in relative efficiency at this level of
resolution, analytical approaches that explicitly model fish length provide stronger
statistical inference regarding length based relative efficiency.
Traditional calibration experiments have relied upon standard parametric
approaches to analyze the resulting data and estimate fishing power correction factors.
The implicit assumption to these analyses is that there is equal availability of animals in
the tow path for each vessel and any difference in CPUE is a function vessel effect
(Tyson, 2004). Mixed effect models do not necessarily make this assumption and can
implicitly model the varying densities encountered by the individual vessels on a tow by
tow basis (Littell, et. al., 2006). In addition to accounting for the variation which results
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from differing animal densities, the random effects in the model will absorb another
source of variability. Implicit to models that describe fishing gear size selectivity, and
catch comparisons, the phenomenon of between haul variation is well described (Fryer,
1991, Millar et al, 2004). This variation is also considered a random effect that can arise
from a large variety of sources associated with fishing operations. For this study, the
random effects include both between haul variation in the fishing gear as well as the
potential differences in scallop densities encountered by the two vessels.
Simulations by Cadigan and Dowden (2010) explored the performance of mixed
models for the estimation of relative efficiency from paired tow calibration data. Models
that included a random effect performed more reliably in the presence of between tow
variation in animal density relative to models that did not include a random effect to
account for this source of variability. In this study, we did not evaluate the relative
performance of GLMs and GLMMs, but felt that the even though the experimental
protocol specified that the vessels in this experiment consecutively occupied the same
tow (within the abilities of the vessel operator and constraints of the environmental
conditions), satisfying the assumption of equal scallop availability for both vessels was
unrealistic and overly restrictive. In addition, simulations as well as our results indicate
that the mixed model was able to accommodate outliers with minimal impact to
parameter estimates (Cadigan and Dowden, 2010).
In this experiment we attempted to facilitate the transition of the NMFS sea
scallop survey to potentially both a new vessel platform and new survey dredge. The
scope of this experiment covered a broad range of habitats and in situ conditions
associated with synoptic survey of this species. The modeling approach used in this
study utilized a statistical model that was appropriate for count data and the
incorporation of a random effect in the model resulted in the ability to account for spatial
variation in stock densities. The estimation of FPCs for sea scallops utilizing two
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commercial vessels with two different survey gears, allows for some latitude going
forward. Potentially one or both of the commercial vessels could perform the survey with
either the standard or prototype dredge. This flexibility with multiple vessels and multiple
gears will allow for a smoother transition to a new platform while maintaining the
temporal continuity of the time series that has characterized sea scallop abundance
since the 1970s.
198
Literature Cited
Cadigan, N. G., Walsh, S.J and W. Brodie. 2006. Relative efficiency of the Wilfred
Templeman and Alfred Needier research vessels using a Campelen 1800 shrimp
trawl in NAFO Subdivisions 3Ps and Divisions 3LN. Can Sci Advis Secret Res
Doc 2006/085; 59 pp.
Cadigan, N. G. and J. J. Dowden. 2010. Statistical inference about the relative
efficiency of a new survey protocol based on paired-tow survey calibration data.
Fish. Bull. 107:15-29.
Cochran, W.G. 1977. Sampling techniques. Wiley, New York.
DuPaul, W.D., E.J. Heist, and J. E. Kirkley, 1989. Comparative analysis of sea scallop
escapement/retention and resulting economic impacts. College of William &
Mary, Virginia Institute of Marine Science, Gloucester Point, VA. VIMS Marine
Resource Report 88-10. 70 pp.
Gunderson, D. R. 1993. Surveys of Fisheries Resources. John Wiley & Sons, Inc. New
York, New York.
Heiser, T.E., A. Punt and R. Methot. 2004. A generalized mixed model analysis of a
multi-vessel fishery resource survey. Fisheries Research. 70:251-264.
Hilborn, R., CJ Walters. 1992. Quantitative Fisheries Stock Assessment: Choice
Dynamics and Uncertainty. Chapman & Hall, London.
Hoist, R. and A. Revill. 2009. A simple statistical method for catch comparison studies.
Fisheries Research. 95:254-259.
Kappenman, R. F. 1992. Robust estimation of the ratio of scale parameters for positive
random variables. Communications in Statistics. Part A: Theory and Methods.
21 :2983-2996.
«¡mura, D. K. and D.A. Somerton. 2006. Reviews of statistical aspects of survey
sampling for marine fisheries. Reviews in Fishery Science. 14:245-283.
Lai, H-L. and D. K. Kimura. 2002. Analyzing survey experiments having spatial
variability with an application to a sea scallop fishing experiment. Fisheries
Research. 56:239-259.
Lewy, P., J. R. Nielsen and H. Hovgard. 2004. Survey gear calibration independent of
spatial fish distribution. Canadian Journal of Fisheries and Aquatic Sciences,
61:636-647.
Littell, R.C., Milliken, G.A., Stroup, W., Wolfinger, R., and W.O. Schabenberger. 2006.
SAS for Mixed Models (2nd ed.). Cary, NC. SAS Institute Inc.
Millar, R.B., M. K. Broadhurst, W.G. Macbeth. 2004. Modeling between-haul variability in
the size selectivity of trawls. Fisheries Research. 67:171-181.
199
Munro, PT. 1998. A decision rule based on the mean squared error for correcting
relative fishing power differences in trawl survey data. Fishery Bulletin. 96:538-
546.
Pelletier, D. 1998. Intercalibration of research survey vessels in fisheries: A review and
an application. Canadian Journal of Fisheries and Aquatic Sciences. 55:2672-
2690.
Robson, D. S. 1966. Estimation of the relative fishing power of individual ships.
International Commission for the Northwest Atlantic Fisheries, Research Bulletin.
3:5-15.
Serchuk, F.M. and S.E. Wigley. 1986. Evaluation of USA and Canadian research vessel
survey for sea scallops (Placopecten magellanicus) on Georges Bank. Journal of
Northwest Atlantic Fisheries Science. 7:1-13.
Sissenwine, M. P., and E.W. Bowman. 1978. An analysis of some factors affecting the
catchability of fish by bottom trawls. International Commission for the Northwest
Atlantic Fisheries, Research Bulletin. 13:81-87.
Tyson, J.T., T.B. Johnson, CT. Knight, and M.T. Bur. 2006 Intercalibration of research
survey vessels on Lake Erie. North American Journal of Fisheries Management.
26:559-570.
von Szalay, P. G., and E. Brown. 2001. Trawl comparisons of fishing power differences
and the applicability to National Marine Fisheries Service and Alaska Department
of Fish and Game trawl survey gear. Alaska Fishery Research Bulletin. 8(2):85-
95.
Wilderbuer, T. K., R. F. Kappenman, and D. R. Gunderson. 1998. Analysis of fishing
power correction factor estimates from a trawl comparison experiment. North
American Journal of Fisheries Management, 18:11-18.
Wolfinger, R. D. 1999. Fitting nonlinear mixed models with the new NLMIXED
procedure. Proceedings of the 24th Annual SAS® Users Group International
Conference (SUGI 24). Paper# 287. 10pp.
The output and code for this paper was generated using the SAS/ STAT software,
Version 9.2 of the SAS System for Windows Version 5.1 .2600. Copyright © 2002-2008
by SAS Institute Inc.
SAS and all other SAS Institute Inc. products or services are registered trademarks or
trademarks of SAS Institute Inc., Cary, NC, USA.
200
Table 1 Characteristics of vessels used during the comparative fishing experiments.
R/V Albatross IV F/V Nordic Pride F/V Celtic
Hailing Port Wood Hole, MA New Bedford, MA New Bedford, MA
Owner NOAA Nordic Fisheries,Inc.
Celtic Fisheries,
LLC
Year Built 1963 1987 1978
LOA (ft.) 187 92.7 88.1
Hull Depth (ft.) 16.2 13.2 13.6
Hull Breadth (ft.) 33 26 24
Gross Tonnage 1,115 192 199
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Table 2 Environmental and catch information for the two comparative cruises. Scallop
catch represents the scaled catch for the valid tows sampled during the two legs of the
experiment.
Experimental Vessel F/V Nordic Pride F/V Celtic
Sampling Location Mid-Atlantic Bight Georges Bank
Dates of Cruise July 10, 2007 to
July 17, 2007
Aug. 9, 2007 to
Aug. 14, 2007
Depth
Minimum 22 19
Maximum 41 63
Wind velocity (kts.)
Minimum
Maximum 20 20
Wave height (ft.)
Minimum
Maximum
Vessel Speed (kts.) 3.8 3.8
Scope 3:1 3:1
Experimental gear Standard
Dredge
Prototype
Dredge
Standard
Dredge
Prototype
Dredge
Comparative tows 98 96 65 83
Total catch (F/V) 98,719 75,035 30,411 52,492
Total catch (R/V) 96,298 93,826 35,740 55,801
202
Table 3 Mixed effects model (vessel effect only) results not accounting for the effect of
differential tow lengths. Parameter estimates are on the logit scale and significant
estimates are shown in bold.
Vessel/Gear
Estimate
(ßo)
Standard
Error
Lower
95% Cl
Upper
95% Cl
Nordic Pride
Prototype 0.330 0.3383 0.0594 0.2205 0.4561 5.70
Nordic Pride
Standard 0.235 0.0389 0.0498 -0.0599 0.1376 0.78
Celtic
Prototype 0.414 0.0962 0.0745 -0.0521 0.2455 1.29
Celtic
Standard 0.405 0.2032 0.0847 0.0342 0.3722 2.40
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Table 4 Mixed effects model (vessel effect only) results including an offset term to
account for the effect of differential tow lengths. Parameter estimates are on the logit
scale and significant estimates are shown in bold.
Vessel/Gear
Estimate
(ßo)
Standard
Error
Lower
95% Cl
Upper
95% Cl
Nordic Pride
Prototype 0.3311 0.3560 0.0594 0.2381 0.4740 5.99
Nordic Pride
Standard 0.2386 0.0568 0.0501 -0.0427 0.1562 1.13
Celtic
Prototype 0.3934 0.1645 0.0728 0.0197 0.3093 2.26
Celtic
Standard 0.3878 0.2775 0.0829 0.1117 0.4432 3.34
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Table 5 Mixed effects model (vessel effect only) reflecting a data set after the removal
of outliers observed for each vessel/gear combination. An offset term to account for the
effect of differential tow lengths was not used in this model run. Parameter estimates
are on the logit scale and significant estimates are shown in bold.
Vessel/Gear Estimate(ßo)
Standard
Error
Lower
95% Cl
Upper
95% Cl
P
value
Nordic Pride
Prototype 0.1808 0.3315 0.0450 0.2422 0.4209 7.37 <.0001
Nordic Pride
Standard 0.1570 0.0422 0.0415 -0.0401 0.1246 1.02 0.311
Celtic
Prototype
0.2975 0.0939 0.0644 -0.0342 0.2222 1.46 0.148
Celtic
Standard 0.3507 0.1741 0.0796 0.0150 0.3332 2.19 0.032
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Figure 1 Station locations for the 2007 NEFSC sea scallop survey conducted by the
RA/ Albatross IV. Comparative stations for the calibration study were a subset of the
entire survey and were intended to cover the spatial extent of the domain with its varied
biotic and abiotic conditions. Polygons in both areas represent closed areas in existence
at the time of the study, which are part of the spatial management strategy for the
fishery.
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Figure 2 Station locations of the paired hauls completed during the 2007 calibration
experiments. Comparative stations completed in the mid-Atlantic region were conducted
by the F/V Nordic Pride. Comparative stations competed on Georges Bank were
conducted aboard the F/V Celtic. Polygons in both areas represent closed areas in
existence at the time of the study, which are part of the spatial management strategy for
the fishery.
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Figure 3 Catch differences between the FA/ Nordic Pride (towing the standard NMFS
dredge) and the RA/ Albatross IV. Catches for each vessel are scaled to reflect both
any sub-sampling of the catch as well as differences in areal coverage. Symbols are
proportional to the magnitude of the observed differences in catch. Red dots represent
higher levels of catch by the RA/ Albatross IV. Blue dots represent higher levels of catch
by the FA/ Nordic Pride. Open circles represent zero difference between the two
vessels. Polygons in both areas represent closed areas in existence at the time of the
study, which are part of the spatial management strategy for the fishery. The dotted line
represents the 50 fathom bathymétrie contour.
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Figure 4 Catch differences between the FA/ Nordic Pride (towing the prototype NMFS
dredge) and the RA/ Albatross IV. Catches for each vessel are scaled to reflect both
any sub-sampling of the catch as well as differences in areal coverage. Symbols are
proportional to the magnitude of the observed differences in catch. Red dots represent
higher levels of catch by the RA/ Albatross IV. Blue dots represent higher levels of catch
by the FA/ Nordic Pride. Open circles represent zero difference between the two
vessels. Polygons in both areas represent closed areas in existence at the time of the
study, which are part of the spatial management strategy for the fishery. The dotted line
represents the 50 fathom bathymétrie contour.
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Figure 5 Catch differences between the FA/ Celtic (towing the standard NMFS dredge)
and the RA/ Albatross IV. Catches for each vessel are scaled to reflect both any sub-
sampling of the catch as well as differences in areal coverage. Symbols are proportional
to the magnitude of the observed differences in catch. Red dots represent higher levels
of catch by the RA/ Albatross IV. Blue dots represent higher levels of catch by the FA/
Celtic. Open circles represent zero difference between the two vessels. Polygons in
both areas represent closed areas in existence at the time of the study, which are part of
the spatial management strategy for the fishery. The dotted line represents the 50
fathom bathymétrie contour.
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Figure 6 Catch differences between the FA/ Celtic (towing the prototype NMFS
dredge) and the RA/ Albatross IV. Catches for each vessel are scaled to reflect both
any sub-sampling of the catch as well as differences in areal coverage. Symbols are
proportional to the magnitude of the observed differences in catch. Red dots represent
higher levels of catch by the RA/ Albatross IV. Blue dots represent higher levels of catch
by the FA/ Celtic. Open circles represent zero difference between the two vessels.
Polygons in both areas represent closed areas in existence at the time of the study,
which are part of the spatial management strategy for the fishery. The dotted line
represents the 50 fathom bathymétrie contour.
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Figure 7 Top Panel: Total scaled catches for RA/ Albatross IV vs. FA/ Nordic Pride
(towing the NMFS standard dredge). The red line has a slope of one. The dashed line
has a slope equal to the estimated relative efficiency (from the one parameter vessel
effect only model). Bottom Panel: Histogram of predicted random effects.
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Figure 8 Top Panel: Total scaled catches for R/V Albatross IV vs. FA/ Nordic Pride
(towing the NMFS prototype dredge). The red line has a slope of one. The dashed line
has a slope equal to the estimated relative efficiency (from the one parameter vessel
effect only model). Bottom Panel: Histogram of predicted random effects.
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Figure 9 Top Panel: Total scaled catches for RA/ Albatross IV vs. FA/ Celtic (towing
the NMFS standard dredge). The red line has a slope of one. The dashed line has a
slope equal to the estimated relative efficiency (from the one parameter vessel effect
only model). Bottom Panel: Histogram of predicted random effects.
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Figure 10 Top Panel: Total scaled catches for RA/ Albatross IV vs. FA/ Celtic (towing
the NMFS prototype dredge). The red line has a slope of one. The dashed line has a
slope equal to the estimated relative efficiency (from the one parameter vessel effect
only model). Bottom Panel: Histogram of predicted random effects.
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Figure 11 Observed scaled length frequency distributions for the RA/ Albatross IV and
the FA/ Nordic Pride (towing the NMFS standard dredge). The green triangles represent
the observed proportions (CatchAibatross/(CatchAibatross+CatchF/v)- The black line
represents the length based relative efficiency as estimated by the two parameter
(vessel and length effect model).
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Figure 12 Observed scaled length frequency distributions for the RA/ Albatross IV and
the FA/ Nordic Pride (towing the NMFS standard dredge). The black dashed line
represents the adjusted the adjusted RA/ Albatross IV catches. The adjusted catches
were calculated from the length based relative efficiency values calculated by the two
parameter (vessel and length effect model).
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Figure 13 Observed scaled length frequency distributions for the R/V Albatross IV and
the FA/ Nordic Pride (towing the NMFS prototype dredge). The green triangles
represent the observed proportions (CatchAibatross/(CatchAibatross+CatchF/v)· The black line
represents the length based relative efficiency as estimated by the two parameter
(vessel and length effect model).
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Figure 14 Observed scaled length frequency distributions for the RA/ Albatross IV and
the FA/ Nordic Pride (towing the NMFS prototype dredge). The black dashed line
represents the adjusted the adjusted RA/ Albatross IV catches. The adjusted catches
were calculated from the length based relative efficiency values calculated by the two
parameter (vessel and length effect model).
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Figure 15 Observed scaled length frequency distributions for the R/V Albatross IV and
the FA/ Celtic (towing the NMFS standard dredge). The green triangles represent the
observed proportions (CatchAibatross/(CatchAibatross+CatchF/v)· The black line represents
the length based relative efficiency as estimated by the two parameter (vessel and
length effect model).
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Figure 16 Observed scaled length frequency distributions for the R/V Albatross IV and
the F/V Celtic (towing the NMFS standard dredge). The black dashed line represents
the adjusted the adjusted R/V Albatross IV catches. The adjusted catches were
calculated from the length based relative efficiency values calculated by the two
parameter (vessel and length effect model).
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Figure 17 Observed scaled length frequency distributions for the RA/ Albatross IV and
the FA/ Celtic (towing the NMFS prototype dredge). The green triangles represent the
observed proportions (CatchAibatross/(CatchA|batross+CatchF/v). The black line represents
the length based relative efficiency as estimated by the two parameter (vessel and
length effect model).
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Figure 18 Observed scaled length frequency distributions for the RA/ Albatross IV and
the FA/ Celtic (towing the NMFS prototype dredge). The black dashed line represents
the adjusted the adjusted RA/ Albatross IV catches. The adjusted catches were
calculated from the length based relative efficiency values calculated by the two
parameter (vessel and length effect model).
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Figure 19 Changes in the parameter estimate for ßo as a function of adjustments made
to the one parameter mixed effects model. Each vessel/gear combination is shown with
three variants. An "A" designation represents the baseline model where no adjustments
were made. A "B" designation represents an offset term in the model that accounted
differences in within-tow pair areal coverage. A "C" designation represents the removal
of outliers observed for each vessel/gear combination. Parameter estimates are on the
logit scale, with 95% Wald-type confidence intervals.
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Figure 20 Changes in parameter estimates as a function of adjustments made to the
two parameter mixed effects model. Each vessel/gear combination is shown with three
variants. An "A" designation represents the baseline model where only sub-sampling of
the catch was accounted for in the offset term. A "B" designation represents an offset
term in the model that accounted for both sub-sampling of the catch and differences in
within-tow areal coverage. A "C" designation represents the removal of outliers
observed for each vessel/gear combination as well as an offset term that reflects sub-
sampling of the catch. The top panel denotes observed changes in the ß0. The bottom
panel denotes observed changes in the (ßi). Parameter estimates are on the logit
scale, with 95% Wald-type confidence intervals.
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Although our work has addressed a number of specific issues surrounding the
incorporation of industry vessels into the assessment of sea scallops, a couple of
general conclusions can be drawn from this work. As fisheries scientists and managers
are tasked with the increasingly complex objectives related to the management of
marine resources, data requirements needed to meet those needs will increase in kind.
Fishery independent surveys represent a crucial source of data used in support of such
management efforts. In the specific case of sea scallops where spatial management
has become a large part of the overall management strategy, the need for accurate and
timely stock assessment information becomes critical. To satisfy these data needs,
industry vessels represent a natural source of the knowledge, capital and skill to provide
the information to responsibly manage marine resources.
Irrespective of whether the platform used for the survey is an opportunistic
industry vessel or a dedicated research vessel platform, the principles of experimental
design and due diligence apply. The results and methods presented in this dissertation
represent an attempt to elucidate a fraction of the issues surrounding the generation of
reliable survey results while utilizing industry vessels as the survey platform. We
address topics that encompass a broad spectrum of issues from survey design to
sampling gear at spatial scales that range from assessments in discrete areas to the
coastwide surveying of the U.S. sea scallop population.
Survey Design
The choice of sampling design represents a fundamental decision for any survey.
Often, many decisions relative to the experimental design of a legacy surveys have been
part of the standard protocol over the duration of the survey. As the duration of a time
series grow longer, making changes to the protocol becomes more difficult. It is only
natural to question whether the design is optimal for the population being assessed or if
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improvements could be made. This assessment can be difficult to conduct and any
comparisons made are in a relative sense. Conditional simulation represents a
technique that has the opportunity to improve the sampling design by drawing upon the
spatial distribution of the resource to evaluate advantages and disadvantages of
sampling designs. If the spatial process is conserved temporally, then a long time series
provides a wealth of information to assist in refinements to the existing survey. This
simulation approach has a wider utility and could be considered to evaluate uncertainty
in a survey when multiple sources of error are present in the data (Gimona and
Fernandez, 2003; Walline, 2009).
Our simulations demonstrated that systematic sampling performed well in
estimating the mean abundance of sea scallops. The estimates of the variance of the
sample mean were less clear. Our attempts to evaluate these estimators only scratched
the surface of an ongoing debate in the statistical literature on this topic. It is clear that
much of this work was beyond the scope of this dissertation, however, we chose to focus
our evaluations on candidate design based estimators (D'Orazio, 2003), but as this line
of investigation evolves, it is clear that model based approvals hold promise to answer
this difficult question and ultimately improve the utility of this very attractive sampling
strategy.
The sampling designs evaluated in this dissertation should not be considered an
exhaustive treatment of the possibilities that exist to the researcher. Many other designs
are available and some could present attractive options for scallops (adaptive designs,
transects, multi-stage). The advantages and disadvantages of each depend on a
multitude of factors, with the final decision for any survey effort always representing a
synthesis of the tradeoffs between logistics, cost, precision and the overall objectives of
the effort.
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Fishing gear comparisons
Sampling design is but one small part of the execution of a fishery survey. The
selectivity and efficiency properties of the sampling gear are a critical component of any
survey effort. Sampling gear is also a constantly evolving entity as materials and
designs improve to produce more consistent results. In addition, the impetus to make a
potentially significant change may come from an external source (i.e. potential
interaction with an endangered species) and a means to describe the effects of those
changes is critical to ensure both continuity as well as the continuing achievement of
objectives (i.e. efficient capture of pre-recruit animals).
The ability of commercial vessels to simultaneously tow two dredges presents
the researcher with a unique opportunity to test these gears utilizing a paired design.
While still developing, advances have been made in the analytical approaches for these
types of experiments (Millar, 1992; Cadigan et. al., 2006; Holst and Revill, 2009;
Cadigan and Dowden, 2010). Generalized Linear Mixed Models are becoming an
attractive method for this type of analysis for multiple reasons. First, they afford the
researcher the flexibility to explore multiple distributions that characterize the underlying
data as well as acknowledging and accounting for the random variation in the process
being described. Whether accounting for the random variation in the performance of a
fishing gear or the random effect resulting from differences observed in the density and
length distribution for a set of paired tows, this modeling approach offers an a robust
method for the analyses of these types of experiments.
Our work on size selectivity contributes updated estimates for a newly mandated
commercial dredge design. In addition, this analysis contributes additional information
related to the estimates of gear efficiency. Taken together, size selectivity parameters
and gear efficiency represent vital pieces of information used to estimate scallop
biomass in closed areas. As our database of selectivity experiments grows, future work
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should focus on exploring the impact of covariates on the size selectivity of scallop
dredges. Sea state, total catch, bycatch composition, depth, and substrate all represent
possible factors that could influence the performance of the New Bedford style sea
scallop dredge. Understanding the influence of these factors will result in a more
sophisticated understanding of the factors influencing scallop size selectivity.
In contrast to size selectivity studies where one gear in the comparison is
assumed to be non-selective, often, gear performance studies will compare two selective
gear variants. These comparisons yield relative measures of performance and are
usually undertaken when a current design is modified or updated. In the case of the
update of the NMFS survey dredge, verification is needed that changes to the
performance characteristics of the dredge did not result from the design modifications.
Methodological advances in this analysis resulted in an approach that was correct for the
nature of the data as well as accounting for the random effect of differing animal density
in the tow path of each dredge as well as the Inherent between tow variability inherent to
the deployment of any fishing gear.
Calibration
Fishery independent time series are the backbone of many modern stock
assessments. Preserving the long term continuity of these time series is important to
ensure the reliability of the assessments going forward. Our calibration studies
attempted to provide a viable platform or at least a link to the future in a time of
uncertainty for the NMFS sea scallop survey. Our results provided the information
necessary to move forward with two capable industry vessels to be used as survey
platforms. Although past the time frame for inclusion in this dissertation, calibration
efforts have continued. While the decision was made to use a UNOLS vessel as the
platform for the NMFS sea scallop survey, the F/V Nordic Pride that was demonstrated
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to be almost equivalent to the RA/ Albatross IV and thus represented the NMFS time
series was used in further paired tow calibration studies. Results indicate that
differences in catchability were minor and not statistically different.
Overall, our results showed what had been observed in other experiments, that
scallop dredge catch is a very robust to changes in vessel and minor modifications in
dredge design. Overall, this is a reassuring observation in the context of utilizing
industry vessels to perform survey work because one of the advantages of utilizing these
platforms is the large number of potential participants. Having confidence that vessel
effect is minor, opens up a large number of these vessels to perform this type of work.
While vessel effect is not something that should be ignored as a potentially important
factor influencing the catchability of a survey, evidence suggests that in most cases the
effect is relatively minor.
In conclusion, the results and approaches in this dissertation represent steps
forward in providing a basis for including industry vessels as viable platforms to conduct
stock assessment and gear comparisons. While the technical component of this work
provides information on some critical aspects of sea scallop survey work, the importance
of cooperative research should not be overlooked. Including stakeholders in collecting
information critical to the stock assessment fosters an understanding of both the process
and results. While this dissertation does not cover all aspects of the survey design for
sea scallops, the results of this work examine pertinent topics at multiple scales that
provide certainly useful and potentially critical information for sea scallop management.
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